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ABSTRACT
Using a suite of isolated L? galaxy simulations, we show that global depletion times and star-forming gas
mass fractions in simulated galaxies exhibit systematic and well-defined trends as a function of the local star
formation efficiency per freefall time, ff, strength of stellar feedback, and star formation threshold. We demon-
strate that these trends can be reproduced and explained by a simple physical model of global star formation
in galaxies. Our model is based on mass conservation and the idea of gas cycling between star-forming and
non-star-forming states on certain characteristic time scales under the influence of dynamical and feedback
processes. Both the simulation results and our model predictions exhibit two limiting regimes with rather dif-
ferent dependencies of global galactic properties on the local parameters. When ff is small and feedback is
inefficient, the total star-forming mass fraction, fsf, is independent of ff and the global depletion time, τdep,
scales inversely with ff. When ff is large or feedback is very efficient, these trends are reversed: fsf ∝ −1ff
and τdep is independent of ff but scales linearly with the feedback strength. We also compare our results with
the observed depletion times and mass fractions of star-forming and molecular gas and show that they provide
complementary constraints on ff and the feedback strength. We show that useful constraints on ff can also be
obtained using measurements of the depletion time and its scatter on different spatial scales.
Subject headings: galaxies: evolution – ISM: kinematics and dynamics – stars: formation – methods: numerical
1. INTRODUCTION
Understanding how galaxies build up their stellar compo-
nent is a key to understanding galaxy evolution. Formation
of stars in galaxies is a complex multiscale process, as stars
are formed from gravitationally bound gaseous cores on sub-
parsec scales, while the formation of such cores is aided by
bulk gas motions of the interstellar medium (ISM) on hun-
dreds of parsec scales. Despite this complexity, the star for-
mation rate (SFR) per unit gas mass on kiloparsec and larger
scales appears to be surprisingly universal: the gas depletion
time, τdep = Mg/M˙?, has a characteristic value and exhibits a
relatively small scatter (see, e.g., Kennicutt & Evans 2012,
for a review). This universality is manifested in the tight
Kennicutt–Schmidt relation (Schmidt 1959; Kennicutt 1989,
1998) between the surface densities of gas and the star forma-
tion rate.
Existence of such a tight relation implies that the small-
scale star formation, averaged over all individual star-forming
regions, is closely related to the total gas mass in galaxies.
Numerical simulations and semianalytic models of galaxy
evolution show that this gas mass is controlled by (1) the
net galactic gas supply rate, determined by the rates of in-
flow and outflow, and (2) the star formation rate or, alterna-
tively, the global depletion time. Over the past decade, our
understanding of inflows and feedback-driven outflows has
improved dramatically, although qualitative and quantitative
details of the relevant physical processes are still the subject
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of an active and lively debate (see, e.g., Somerville & Davé
2015; Naab & Ostriker 2017, for recent reviews). Likewise,
understanding global star formation rates and depletion times
requires insight into the interplay between ISM gas flows and
local star formation and feedback processes. Understanding
of this interplay can be greatly aided with numerical simula-
tions of galaxies, as we will illustrate in this paper.
Modeling of local star formation and feedback processes
in galaxy simulations is admittedly rather crude. With some
variations and few exceptions, star formation prescriptions
usually follow ideas introduced for the first generation of sim-
ulations (Cen & Ostriker 1992; Katz 1992): star formation
occurs only in star-forming gas, defined using some condi-
tions, e.g., that gas density (temperature) is larger (smaller)
than some threshold, that gas within some region is gravita-
tionally bound, that gas is in molecular phase, etc. (see, e.g.,
Hopkins et al. 2013a). Star-forming gas is then converted into
stellar particles using a stochastic Poisson process with the
rate
ρ˙? =
ρ
t?
, (1)
where ρ is the density of the gas that is deemed to be star-
forming according to the adopted criteria, and t? is its local
depletion time. In most recent studies, this time is parame-
terized as t? = tff/ff, where ff is the star formation efficiency
per freefall time, tff ≡
√
3pi/32Gρ. Likewise, the stellar feed-
back is modeled by simply injecting thermal and kinetic en-
ergy and momentum into gas resolution elements adjacent to
a young star particle (e.g., Hopkins et al. 2011, 2018; Agertz
et al. 2013; Simpson et al. 2015) or using a subgrid prescrip-
tion with a specific model of ISM on scales below resolution
(e.g., Yepes et al. 1997; Springel & Hernquist 2003; Braun &
Schmidt 2012).
Despite a rather simplistic modeling of star formation and
feedback on scales close to the spatial resolution, modern
galaxy formation simulations generally predict τdep and the
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Kennicutt–Schmidt relation on kiloparsec and larger scales
in a reasonable agreement with observations (e.g., Governato
et al. 2010; Stinson et al. 2013; Hopkins et al. 2014, 2017;
Agertz & Kravtsov 2015, 2016; Grand et al. 2017; Orr et al.
2017). Although in certain regimes the normalization and
slope of the Kennicutt–Schmidt relation on galactic scales
simply reflect the adopted value of t? on small scales (Equa-
tion 1) and its assumed density dependence (Schaye & Dalla
Vecchia 2008; Gnedin et al. 2014), in other regimes there is
no direct connection between t? and the global Kennicutt–
Schmidt relation (Hopkins et al. 2017; Orr et al. 2017; Se-
menov et al. 2017). The fact that simulations in the latter
regime still result in the global depletion time scale close to
the observed values is nontrivial. This agreement indicates
that such simulations can be used to shed light on the physical
processes connecting local parameters of star formation and
feedback to the global star formation in galaxies.
This connection and associated processes are the focus of
this paper, and our goal is to extend and make sense of the
results of other recent studies of this issue (see, e.g., Hopkins
et al. 2011, 2017; Agertz et al. 2013; Agertz & Kravtsov 2015;
Benincasa et al. 2016; Li et al. 2017a,b). We use a suite of
isolated L?-sized galaxy simulations with systematically var-
ied ff value, star formation threshold, and feedback strength
to show that the global depletion time and the star-forming
gas mass fraction in simulated galaxies exhibit systematic and
well-defined trends as a function of these parameters. We also
demonstrate that these trends can be reproduced both qualita-
tively and quantitatively with a physical model presented in
Semenov et al. (2017, hereafter Paper I) that explains the ori-
gin of long gas depletion times in galaxies.
Our model is based on the mass conservation equations re-
lating the star-forming and non-star-forming components of
the ISM and the idea of gas cycling between these compo-
nents on certain characteristic time scales under the influ-
ence of dynamical and feedback processes (such gas cycling
was also envisioned by Madore 2010; Kruijssen & Longmore
2014; Elmegreen 2015, 2018). Our model explicitly relates
the global depletion time to the parameters of local star for-
mation and feedback.
The success of this relatively simple framework in explain-
ing the long depletion time scale of observed galaxies (Pa-
per I) and in reproducing the trends exhibited in the simu-
lations presented in this paper and other recent studies (see
Section 6) implies that conversion of gas into stars in real
galaxies is a result of dynamic gas cycling between the star-
forming and non-star-forming states on short time scales. The
long time scale of gas depletion is partly due to the low ef-
ficiency of star formation in star-forming regions and partly
due to rather short lifetime of these regions limited by stel-
lar feedback. The combination of these factors results in gas
going through many cycles before complete conversion into
stars.
Some of the previous studies (e.g., Hopkins et al. 2017) ar-
gued that in galaxy simulations low local efficiency of star
formation is not required for global inefficiency because stel-
lar feedback disperses star-forming gas before it is converted
into stars. Global star formation rate in this regime becomes
independent of the local efficiency but scales with the feed-
back strength. This phenomenon is usually referred to as
“self-regulation,” and our model explains its origin in simu-
lations with high local efficiency and strong feedback. At the
same time, observations indicate that star formation efficiency
is low in star-forming regions. Thus, we show that our model
also explains the global depletion time in the case of low local
efficiency.
We will also discuss how the trends identified in simula-
tions and our analytic model can be used to guide the choice
of star formation and feedback parameters in high-resolution
galaxy simulations. In particular, we will show that both the
global depletion times and the star-forming gas mass fractions
of observed galaxies should be used on kiloparsec and larger
scales, while the measurements of the depletion time and its
scatter on smaller spatial scales provide additional constraints
on the local efficiency of star formation.
The paper is organized as follows. In Section 2, we de-
scribe our simulation suite and the adopted star formation and
feedback prescriptions. In Section 3, we present the trends of
the global depletion times, star-forming mass fractions, and
freefall times in star-forming gas with the parameters of the
star formation and feedback prescriptions used in simulations.
In Section 4, we summarize the model for global star forma-
tion presented in Paper I and show that it can reproduce the
trends in our simulation results both qualitatively and quanti-
tatively. In Section 5, we compare our simulation results and
model predictions to the observed star-forming properties of
real galaxies and identify a combination of the star formation
efficiency and the feedback strength that satisfies all consid-
ered observational constraints. In Section 6, we compare our
predictions with the results of previous recent studies and in-
terpret their results in the context of our model. Finally, in
Section 7, we summarize our results and conclusions.
2. SIMULATIONS
2.1. Method Overview
To understand the connection between local and global star
formation, we explore the effects of local star formation and
feedback parameters in a suite of L?-sized isolated galaxy
simulations performed with the adaptive mesh refinement
(AMR) gasdynamics and N-body code ART (Kravtsov 1999;
Kravtsov et al. 2002; Rudd et al. 2008; Gnedin & Kravtsov
2011). In this section, we briefly summarize the adopted ini-
tial conditions and subgrid models, and for details we refer
the reader to Section 3 of Paper I.
Our simulations start from the initial conditions of the
AGORA code comparison project (Kim et al. 2016), in which
an L?-sized exponential galactic disk with a stellar bulge is
embedded into a dark matter halo. The disk scale height and
radius are hd ≈ 340 pc and rd = 10 hd, respectively, and its
total mass is Md ≈ 4.3× 1010 M, 20% of which is in the
gaseous disk and the rest is in the initial population of old stel-
lar particles. The stellar bulge has a Hernquist (1990) density
profile, with the scale radius of a = hd and the total mass of
M?,b ≈ 4.3×109 M. The dark matter halo is initialized with
a Navarro–Frenk–White profile (Navarro et al. 1996, 1997),
with the characteristic circular velocity of vc,200 = 150 km s−1
and the concentration of c = 10.
In our simulations, we adaptively resolve cells whose gas
mass exceeds ∼ 8300 M and reach the maximum resolution
of ∆ = 40 pc. The Poisson equation for the gravity of gas and
stellar and dark matter particles is solved using a fast Fourier
transform on the zeroth uniform level of the AMR grid and
using the relaxation method on all refinement levels. The res-
olution for gravity is therefore also set by the local resolution
of the AMR grid, and in the ART code it corresponds to ∼ 2
grid cells (see Figure 6 in Kravtsov et al. 1997).
For cooling and heating, we adopt the Gnedin & Hol-
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lon (2012) model assuming constant metallicity of Z = Z
and the background radiation field with the photodissocia-
tion rate of 10−10 s−1 (Stecher & Williams 1967). Molecu-
lar gas shielding is modeled using a prescription calibrated
against radiative transfer ISM simulations (the “L1a” model in
Safranek-Shrader et al. 2017). In each computational cell, we
dynamically follow unresolved turbulence using the “shear-
improved” model of Schmidt et al. (2014), whose implemen-
tation in the ART code is discussed in Semenov et al. (2016).
Subgrid turbulence dynamically acts on resolved gas motions,
and its distribution allows us to predict velocity dispersions in
star-forming regions that we account for in our star formation
prescription (Section 2.2).
Analysis of time evolution shows that all our simulations
exhibit a short (. 300 Myr) initial transient stage, after which
the simulated galaxy settles into a quasi-equilibrium state with
approximately constant global galaxy parameters, such as gas
depletion time, τdep (see, e.g., Figure 1 below). Thus, in our
subsequent analysis we average the equilibrium values of the
parameters of interest between 300 and 600 Myr, as this time
interval is sufficiently long to average out the temporal vari-
ability of such quantities, but it is also shorter than τdep, and
hence the galaxy maintains the approximate equilibrium over
this time interval. The only exceptions are the runs with-
out feedback and with high local star formation efficiency of
ff ≥ 10%, in which τdep is very short and the total gas mass
decreases appreciably between 300 and 600 Myr. The equi-
librium assumption is also violated for the central region in
simulations with ff ≤ 0.1%, where the central density keeps
increasing owing to continuous accretion. However, outside
the central 1 kpc the total gas mass and the value of τdep re-
main approximately constant, and therefore we exclude gas
in the central 1 kpc region when computing quantities in our
analysis.
To explore gas flows between different states in the ISM, we
use passive gas-tracer particles that are exchanged between
adjacent computational cells stochastically, with the proba-
bility proportional to the gas mass flux between the cells, as
proposed by Genel et al. (2013). These tracer particles are ini-
tialized proportionally to the local gas density after 400 Myr
of disk evolution. By this point, all initial transients have dis-
sipated away and ISM gas distribution has become stationary.
Using tracer particles, we average this distribution between
400 and 600 Myr and measure at each step the instantaneous
contribution of each tracer into gas fluxes as the second-order
time derivatives between the previous and subsequent snap-
shots. To accurately track these gas fluxes, we output posi-
tions, densities, and subgrid velocity dispersion for each gas
tracer every 1 Myr. To account for gas consumption, when-
ever a stellar particle is formed, relative weights of all tracers
inside the host cell are decreased correspondingly.
We note that the analysis presented in this paper differs
from that in Paper I in our implementation of gas tracers: we
now use stochastic tracer particles instead of classical veloc-
ity tracers, and also initialize these particles proportionally to
gas density rather than uniformly as in Paper I. Both these
changes allow us to follow the evolution of gas distribution
more accurately. We checked, however, that all the conclu-
sions of Paper I remain valid after these changes.
2.2. Star Formation and Feedback
As our goal is to explore the effects of star formation and
feedback model parameters, we adopt a usual parameteriza-
tion of the local star formation rate with a star formation effi-
ciency per freefall time, ff,
ρ˙? = ff
ρ
tff
, (2)
and systematically vary ff as will be explained at the end of
this section. We allow star formation to occur only in the
gas that satisfies a chosen criterion. To explore the effects of
such a criterion, we adopt thresholds in either the gas virial
parameter, αvir,sf, or the density, nsf, and also vary the values
of αvir and nsf.
As our fiducial star formation criterion, we adopt a thresh-
old in αvir and define all gas with αvir <αvir,sf as star-forming.
For a computational cell with a side ∆, the local virial pa-
rameter is defined as for a uniform sphere of radius R = ∆/2
(Bertoldi & McKee 1992):
αvir ≡ 5σ
2
totR
3GM
≈ 9.35 (σtot/10 km s
−1)2
(n/100 cm−3)(∆/40 pc)2
, (3)
where σtot =
√
σ2t + c2s is the total subgrid velocity dispersion
due to turbulent and thermal motions, and subgrid turbulent
velocities, σt, are dynamically modeled in each cell following
Schmidt et al. (2014).
The choice of the star formation threshold in αvir is mo-
tivated by theoretical models of star formation in turbulent
giant molecular clouds (GMCs), which generically predict an
exponential increase of ff with decreasing αvir (see Padoan
et al. 2014, for a review). We set our fiducial values of pa-
rameters to ff = 1% and αvir,sf = 10, as supported by the
observed efficiencies and virial parameters of star-forming
GMCs (e.g., Evans et al. 2009, 2014; Heiderman et al. 2010;
Lada et al. 2010, 2012; Lee et al. 2016; Vutisalchavakul et al.
2016; Miville-Deschênes et al. 2017), and also consistent
with the results of high-resolution GMC simulations (e.g.,
Padoan et al. 2012, 2017), which show a sharp increase of
ff below αvir ∼ 10. Note also that the threshold in αvir is
equivalent to a threshold in the local Jeans length that ac-
counts for both the thermal and turbulent pressure support:
λJ = σtot
√
pi/Gρ = pi∆
√
αvir/5, and thus αvir,sf = 10 implies
that gas becomes star-forming when the local Jeans length is
resolved by less than λJ/∆≈ 4.5 cells.
In galaxy simulations that do not track subgrid turbulence,
the GMC-scale αvir is not readily available owing to insuffi-
cient resolution. Instead, such simulations often adopt a star
formation threshold in gas density, n, and define star-forming
gas as the gas with n > nsf. To show that our conclusions re-
main valid for such a threshold, we explore models with var-
ied density-based thresholds in addition to our fiducial αvir-
based threshold.
The feedback from young stars is implemented by injection
of thermal energy and radial momentum generated during su-
pernova (SN) remnant expansion in a nonuniform medium in
the amounts calibrated against simulations by Martizzi et al.
(2015). The total number of SNe exploded in a single stel-
lar particle is computed assuming the Chabrier (2003) initial
mass function. To mimic the effects of pre-SN feedback, such
as radiation pressure and winds from massive young stars, the
momentum injection commences at the moment when a stel-
lar particle is created and continues for 40 Myr.
The explicit injection of the generated radial momentum al-
lows one to partially resolve the overcooling problem and ef-
ficiently couple the feedback energy to the resolved dynamics
of gas, which explains the growing popularity of the method
(e.g., Simpson et al. 2015; Grisdale et al. 2017; Hopkins et al.
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2018). However, the injected momentum is still partially lost
as a result of advection errors (see, e.g., Agertz et al. 2013),
and to compensate for this loss, we boost the momentum pre-
dicted by Martizzi et al. (2015) by a factor of 5. This value is
motivated by our idealized tests of a stellar particle exploding
in a uniform medium with additional translational motion at
velocity 200 km s−1, which is comparable to the rotational ve-
locity of the simulated galaxy. Such a fiducial boosting factor
also absorbs uncertainties related to SNe clustering (Gentry
et al. 2017, 2018) and the total energy of a single SN. To ex-
plore the effects of the feedback strength on the global deple-
tion times, in addition to this fiducial boosting, we multiply
the injected momentum by a factor b, which is systematically
varied.
In the end, in our simulations, star formation and feedback
are parameterized by three numbers: the star formation effi-
ciency, ff, the star formation threshold, αvir,sf or nsf, and the
feedback boost factor, b, which we vary in order to explore
their effects on the global star formation. To assess the effect
of the local star formation efficiency, we vary ff from 0.01%
to 100%, i.e., by four orders of magnitude around our fiducial
value of ff = 1%. To explore the effects of the star-forming
gas definition, we vary αvir,sf between 10 and 100 and nsf be-
tween 10 cm−3 and 100 cm−3. We expect that such αvir and n
are well resolved in our simulations, because they are suffi-
ciently far from the resolution-limited values of αvir ∼ 2 and
n ∼ 104 cm−3 in a simulation with ff = 0.01%, in which gas
contraction is not inhibited by stellar feedback (see the bot-
tom left panel of Figure 5 below). Finally, in order to explore
the effect of the feedback strength, in addition to the fiducial
case of b = 1, we also consider the 5 times stronger feedback
(b = 5), the 5 times weaker feedback (b = 0.2), and the case
of no feedback at all (b = 0). Such wide variation of model
parameters allows us to explore the connection between the
subgrid scale and the global star formation in the simulated
galaxy.
3. EFFECTS OF STAR FORMATION AND FEEDBACK
PARAMETERS ON GLOBAL STAR FORMATION
The analysis presented in this section focuses on the quanti-
ties that characterize the global star formation of the simulated
galaxy: the global gas depletion time,
τdep ≡ Mg
M˙?
, (4)
as well as the mass fraction of star-forming gas, fsf = Msf/Mg,
and the mean freefall time of star-forming gas, τff = 〈1/tff〉−1sf .
Here the star-forming gas mass, Msf, is the total mass of all gas
in the galaxy that satisfies the adopted star formation criterion.
Consequently, the average freefall time is defined by anal-
ogy with Equation (2), M˙? = ffMsf/τff, and thus τff depends
on the local tff via ff/τff = M˙?/Msf =
∫
(ff/tff)ρdV/
∫
ρdV =
ff〈1/tff〉sf, where the integrals are taken over all star-forming
gas. The values of τdep, fsf, and τff are closely related. For
example, the global depletion time can be expressed as
τdep ≡ Mg
M˙?
=
Msf
M˙?
Mg
Msf
=
τff
ff fsf
. (5)
Below, we describe the trends of τdep, fsf, and τff with the
main parameters of the star formation and feedback prescrip-
tions in our L?-sized galaxy simulations: the efficiency ff, the
feedback strength parameter b, and the star formation thresh-
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FIG. 1.— Evolution of the global depletion time, τdep, and the star-forming
mass fraction, fsf, in the simulations with varying ff at the fiducial feedback
strength (b = 1) and star formation threshold (αvir,sf = 10). To compare dif-
ferent runs at the same temporal resolution, all curves are smoothed using a
Gaussian filter with a width of 30 Myr. All quantities are measured in a cylin-
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FIG. 2.— Dependence of the equilibrium τdep and fsf values on the ff value
in our simulations with fiducial star formation threshold (αvir,sf = 10) and
different feedback boosts: weak (b = 0.2; triangles), fiducial (b = 1; circles),
and strong (b = 5; squares). The values of τdep and fsf are time-averaged
between 300 and 600 Myr, with error bars indicating 5th and 95th percentiles
over this time interval. The choice of the averaging interval is explained in
Section 2.1. Gray lines show the predictions of our model, which will be
explained in Section 4. The figure illustrates qualitatively different behavior
of τdep and fsf at low and high ff.
old αvir,sf or nsf. The efficiency ff affects local star formation
in the most direct way, while the feedback strength b affects
the integral local star formation efficiency by controlling the
time that gas spends in the star-forming state. The interplay
between star formation and feedback also affects the over-
all distribution of gas in a galaxy. For a given distribution,
the star formation thresholds control the mass fraction, fsf,
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FIG. 3.— Equilibrium values of τdep, fsf, and τff, in simulations with varying ff and different feedback strengths (b; left column) and star formation thresholds
set in virial parameter (αvir < αvir,sf; middle columns) and gas density (n > nsf; right column). The feedback strength is varied at the fiducial threshold value
(αvir,sf = 10), whereas the threshold is varied at the fiducial feedback strength (b = 1). Points indicate the values of τdep, fsf, and τff time-averaged between 300
and 600 Myr, with error bars indicating 5th and 95th percentiles over this time interval. To avoid overlap, points for ff = 0.1%, 1%, and 10% are slightly shifted
horizontally around the actually used values of b, αvir,sf, and nsf. Lines show our analytical model detailed in Section 4 and summarized in Appendix A.
and the mean density of star-forming gas, and thus its mean
freefall time, τff.
Figure 1 shows the evolution of τdep and fsf in simulations
with varying ff at the fixed fiducial feedback strength (b = 1)
and the star formation threshold (αvir,sf = 10). After the initial
transient stage, τdep and fsf become approximately constant in
time at values that depend on the choice of ff. To explore
this dependence on ff, we average the equilibrium values of
τdep and fsf between 300 and 600 Myr1 and show them in Fig-
ure 2 with error bars indicating temporal variability around
the average. In addition to simulations with fiducial feed-
back (circles), the figure also shows the results for 5 times
weaker (triangles) and 5 times stronger feedback (squares).
Star formation histories in these and all our other simulations
are qualitatively similar to those shown above, and thus for
quantitative comparison from now on we will consider only
the equilibrium values of τdep and fsf. Gray lines in this figure
show the predictions of our model that will be described and
discussed in Section 4.
Figure 2 clearly shows that the dependence of τdep and fsf on
ff is qualitatively different when ff is low and when it is high.
When ff is low, ≤ 0.01%, τdep scales as −1ff , whereas the star-
forming mass fraction remains independent of ff. When ff is
high, ff ≥ 1%, the trends are reversed: τdep is independent of
ff, whereas fsf scales as −1ff . Such independence of τdep from
ff has been referred to as self-regulation in the literature.
The figure also shows that this dependence on ff remains
1 The choice of this time interval is explained in Section 2.1.
qualitatively similar at different feedback strengths, and the
limiting regimes of low and high ff exist at all b. However, for
stronger feedback, the transition to the self-regulation regime
occurs at smaller ff and depletion time at high ff increases.
This increase of τdep with feedback strength at high ff is
easier to quantify in the top left panel of Figure 3, which
shows τdep as a function of feedback boost b at different ff. As
before, the error bars indicate temporal variability around the
average, and lines show the predictions of our model that will
be detailed in Section 4. From the figure, depletion time at
high ff increases almost linearly with b: τdep ∼ (6 Gyr) b0.75.
The middle left panel shows that fsf exhibits the opposite
trend with b. The bottom left panel also shows that despite
wide variation of ff and b, the average freefall time in star-
forming gas varies only mildly, from τff ∼ 3 Myr at low ff to
τff ∼ 5–6 Myr at high ff.
The middle column of panels in Figure 3 shows the varia-
tion of τdep, fsf, and τff in the runs with different ff and val-
ues of the adopted star formation threshold: αvir,sf = 10, 30,
and 100. Again, for every value of αvir,sf, the dependence on
ff is qualitatively similar to the fiducial case. In the high-ff
regime, τdep decreases at higher αvir,sf, i.e., when the thresh-
old becomes less stringent and makes more gas eligible to
star formation. At a less stringent threshold, fsf and τff both
increase, and this increase is stronger in the high-ff regime.
In the right panels of Figure 3, the star formation threshold is
set in the gas density rather than in αvir, and the behavior of
τdep, fsf, and τff remains qualitatively the same, but the direc-
tion of all trends is opposite since the density-based threshold
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becomes less stringent at smaller nsf.
The presented results show that the key global star forma-
tion properties of our simulated galaxies change systemati-
cally with changing parameters of the local star formation and
feedback. The trends are well defined and exhibit distinct be-
havior in the low-ff and high-ff regimes. In the latter, the
global star formation rate and the gas depletion time become
insensitive to the variation of ff, while the mass fraction of the
star-forming gas, fsf, is inversely proportional to ff. In the
low-ff regime, the trends are reversed: τdep scales inversely
with ff, while fsf is almost insensitive to it. The dependence
of τdep on the feedback strength parameter b is the opposite to
the dependence on ff: in the low-ff regime, τdep is insensitive
to b, while in the high-ff regime τdep exhibits a close-to-linear
scaling with b.
4. ANALYTIC MODEL FOR GLOBAL STAR
FORMATION IN GALAXIES
As solid lines in Figures 2 and 3 show, the trends of τdep, fsf,
and τff are well described by a physical model of gas cycling
in the interstellar medium formulated in Paper I. This model is
based on the basic mass conservation between different parts
of the interstellar gas. In this section, we summarize the main
equations of our model and its predictions for the global gas
depletion time and the star-forming gas mass fraction. We
then discuss the qualitative predictions of the model for the
trends of τdep, fsf, and τff in simulations and provide a phys-
ical interpretation of these trends. We then show that with
a minimal calibration, our model can reproduce these trends
quantitatively. For convenience, the meanings of quantities
used in our model are summarized in Table 1 in Appendix A.
4.1. Description of the Model
Figure 4 illustrates our model for τdep, fsf, and τff using the
distribution of gas in our fiducial simulation in the plane of
gas density, n, and total velocity dispersion that includes both
the thermal and subgrid turbulent motions, σtot =
√
c2s +σ2t .
The values of τdep, fsf, and τff are defined by the distribu-
tion of star-forming gas, which resides below the adopted star
formation threshold, αvir < αvir,sf = 10, shown with the dot-
ted line in the figure. This distribution of star-forming gas is
shaped by gas motions in the n–σtot plane, and its total mass,
Msf = fsfMg, changes as a result of the gas consumption at a
rate M˙? and the net gas flux through the star formation thresh-
old, which in general can be decomposed into a positive and
a negative component, F+ and F−:
M˙sf = F+ −F− − M˙?. (6)
As the local dynamical time scales of processes controlling
F+ and F− are short compared to the global time scales, such
as rotation period or gas consumption time, isolated galaxies
settle into a quasi-equilibrium state.2 In this state, M˙sf ≈ 0
over a suitably short time interval, and, therefore, the global
SFR is balanced by the net inflow of the star-forming gas,
2 We stress that an assumption of the quasi-equilibrium is not required in
general and is made here only to simplify notation. As was shown in Paper I,
the out-of-equilibrium state of a galaxy (or a given ISM patch) results in an
extra term in the final expression for τdep, which contributes to the scatter of
the depletion time. For normal star-forming galaxies, this term is small and
can become significant only if the global dynamical properties of the galaxy
change on a timescale much shorter than the local depletion time. Thus, in
case of, e.g., starburst mergers, a more general Equation (10) from Paper I
should be used instead of Equation (13) below.
M˙?≈F+−F−. As was shown in Paper I, in normal star-forming
galaxies the small net flux required by the observed small
SFRs results from the near cancellation of F+ and F−, both of
which are much larger than the resulting net mass flux. The
total positive flux, F+, results from a combined effect of grav-
ity, cooling, compression in ISM turbulence, etc., while the
negative flux is due to the dispersal of star-forming regions by
stellar feedback, F−,fb, and dynamical processes like the turbu-
lent shear, the differential rotation, and the expansion behind
spiral arms, F−,d: F− = F−,fb +F−,d.
The global depletion time and the star-forming mass frac-
tion can be related to the parameters of star formation and
feedback if the terms in the above equation are parameterized
as
F+ ≡ (1− fsf)Mg
τ+
, (7)
F−,fb ≡ fsfMg
τ−,fb
= ξM˙?, (8)
F−,d ≡ fsfMg
τ−,d
, (9)
M˙? ≡ fsfMg
τ?
. (10)
In these expressions, the adopted star formation prescription
determines the average consumption time in the star-forming
gas, τ?, which in our case is equal to τff/ff, and the strength
of the stellar feedback is reflected in the parameter ξ, which
is analogous to the usual feedback mass-loading factor, but is
defined on the scale of star-forming regions. The final expres-
sions for the global depletion time and the star-forming frac-
tion follow from Equation (6) after the substitution of Equa-
tions (7–10):
τdep = Ncτ+ + τ?, (11)
fsf =
τ?
τdep
=
(
Nc
τ+
τ?
+1
)−1
, (12)
where Nc in the steady state with M˙sf ≈ 0 is given by
Nc ≈ 1+ ξ + τ?
τ−,d
. (13)
Equations (11–13) explicitly connect τdep and fsf to the pa-
rameters of subgrid models for star formation (via τ?) and
feedback (via ξ), and their physical interpretation is clear. In
the ISM, gas is gradually converted into stars as individual gas
parcels frequently cycle between the non-star-forming and ac-
tively star-forming states. On average, a given gas parcel tran-
sits from the non-star-forming to the star-forming state on a
dynamical time scale, τ+, determined by a mix of processes
such as ISM turbulence, gravity, cooling, etc.
In order to be converted into stars, a gas parcel needs to
spend one average depletion time of star-forming gas in the
star-forming state: τ? ≡Msf/M˙? = 〈1/t?〉−1sf . However, before
the gas parcel is converted into stars, it can be removed back
into the non-star-forming state by efficient feedback or dy-
namical processes, and then this gas parcel has to start the
cycle from the beginning. Overall, if star-forming stages
on average last for tsf, then Nc = τ?/tsf such replenishment-
expulsion cycles are required to convert all gas into stars.
The global depletion time can be expressed by Equation (11),
where the first and the second terms in the sum correspond
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FIG. 4.— Illustration of the analytical model of Paper I using the gas dis-
tribution from our fiducial simulation in the plane of the gas density, n, and
the total subgrid velocity dispersion, σtot =
√
c2s +σ2turb. The contours en-
close 68%, 95%, and 99% of the ISM gas mass. The star-forming gas in this
diagram resides below the star formation threshold, αvir < αvir,sf = 10 (Equa-
tion 3), shown by the dotted line. Thick blue and red arrows illustrate the
total positive and negative gas mass fluxes through the star formation thresh-
old, while the thick black arrow illustrates gas conversion into stars at a rate
M˙?.
to the total times in the non-star-forming and the star-forming
states, respectively. The star-forming mass fraction is then
given by the ratio of the time spent in the star-forming state to
the total depletion time, as expressed by Equation (12). In a
steady state with the constant total star-forming gas mass, the
number of transitions, Nc, is controlled by the stellar feedback
and the dynamical processes that destroy star-forming regions
and thereby define the average duration of star-forming stages
(Equation 13).
As was shown in Figures 2 and 3 and as we will discuss in
more detail below, Equations (11–13) can predict the trends
of τdep and fsf observed in our simulations (Section 3) with
varied star formation efficiency ff, star formation threshold,
and feedback strength b. We note that the latter is closely re-
lated to the ξ parameter of the model. Both these parameters
reflect the strength of feedback per unit stellar mass formed
and its efficacy in dispersing star-forming regions. However,
these parameters are not identical: b is a relative strength of
the momentum injection in our implementation of feedback,
while ξ = F−,fb/M˙? is an average “mass-loading factor” that
characterizes the efficacy of gas removal from star-forming
regions by feedback. We also note that in equations for τdep
and fsf the average freefall time in the star-forming gas, τff,
is a model parameter, but, as we will show in Section 4.2.4
and Appendix A, its trends with simulation parameters dis-
cussed in Section 3 can also be understood using our model
predictions.
For our subsequent discussion, it is convenient to combine
Equations (11) and (13) and rearrange terms in the resulting
equation as
τdep = (1+ ξ)τ+ +
(
1+
τ+
τ−,d
)
τff
ff
, (14)
where we have substituted τ? = τff/ff. Similarly, using Equa-
tion (12), the star-forming mass fraction can be expressed as
fsf =
[
(1+ ξ)τ+
ff
τff
+1+
τ+
τ−,d
]−1
. (15)
Equation (14) readily shows that the global depletion time
is a sum of two terms, one of which may dominate depending
on the parameters. For example, the first term, (1+ ξ)τ+, will
dominate when feedback is sufficiently strong, i.e. ξ is large,
or star formation efficiency ff is sufficiently high so that the
second term, (1+ τ+/τ−,d)τff/ff, is subdominant. Conversely,
the second term may dominate if feedback is inefficient or
ff is low. In these two regimes, the dependence of depletion
time on the parameters of star formation and feedback will
be qualitatively different. Specifically, when the first term in
the equation dominates, τdep is insensitive to ff and scales
with feedback strength ξ. Conversely, when the second term
dominates, τdep scales as −1ff and is independent of feedback
strength.
Physically, these two regimes reflect the dominance of dif-
ferent negative terms in Equation (6) and thus different mech-
anisms that limit lifetimes of star-forming regions. In the first
regime, τdep ≈ (1 + ξ)τ+ and the lifetime of gas in the star-
forming state is limited by feedback and star formation itself.
We therefore will refer to this case as the “self-regulation
regime” because this was the term used to indicate insensi-
tivity of τdep to ff in previous studies. In the second regime,
τdep ≈ (1+ τ+/τ−,d)τff/ff and star-forming gas lifetime is lim-
ited by dynamical processes dispersing star-forming regions,
such as turbulent shear, differential rotation, and expansion
behind spiral arms, operating on timescale τ−,d. We will refer
to this case as the “dynamics-regulation regime,” as star for-
mation passively reflects the distribution of ISM gas regulated
by these dynamical processes, rather than actively shaping it
by gas consumption and associated feedback.
In the next section, we will consider dynamics- and self-
regulation regimes in more detail. We will illustrate these
regimes using our simulations with the fiducial feedback
strength and star formation threshold but varying ff from
a low value of 0.01%, corresponding to the dynamics-
regulation regime, to a high value of 100%, corresponding
to the self-regulation regime. As Figure 5 shows, in different
regimes the quasi-equilibrium ISM gas distribution is qualita-
tively different. The figure shows the midplane density slices
and n–σtot diagrams (like the one in Figure 4) colored accord-
ing to the average gas temperature, with arrows indicating av-
erage gas fluxes. In all cases, small net fluxes result from the
near cancellation of strong positive and negative fluxes, F+
and F−, whose typical magnitudes are shown with the thick
blue and red arrows, respectively, in the lower right corner of
each diagram. Depending on the ff value, the negative flux
can be dominated by either F−,d or F−,fb, which in turn results
in qualitatively different behavior of Equation (14).
4.2. Predictions for Trends of τdep, fsf, and τff
4.2.1. Interpretation of Scalings in the Dynamics-regulation
Regime
As discussed above, dynamics-regulation occurs when ff
or ξ are small, so that the second term on the right-hand side
of Equation (14) dominates. In this case, τdep scales inversely
with ff:
τdep ≈
(
1+
τ+
τ−,d
)
τff
ff
. (16)
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FIG. 5.— Effect of ff on the spatial gas distribution and the gas distribution in the phase space of the gas density, n, and the total subgrid velocity dispersion,
σtot. The adopted value for ff changes from left to right: 0.01%, 1%, and 100%. The top row of panels shows the midplane density slices at t = 500 Myr, with
black contour indicating cold dense gas, n > 10 cm−3, and green contour indicating star-forming regions, αvir < αvir,sf = 10. The bottom row of panels shows
n–σtot diagrams colored with the mass-weighted temperature in each bin. The distribution is time averaged between 400 and 600 Myr using gas-tracer particles at
R> 1 kpc (see Section 2.1). Black contours indicate 68%, 95%, and 99% of resulting gas tracers’ PDF. Thin red arrows throughout the diagram show the average
net flux of gas tracers, while the thick blue and red arrows in the corner of each panel illustrate magnitudes and directions of the average positive and negative
gas fluxes, respectively, measured at the point indicated with a cross. All arrows can be directly compared to each other because their normalization is the same:
the arrow extent corresponds to the distance that a tracer traverses over 5 Myr. Star-forming gas in each n–σtot diagram resides below the thick dotted line, which
corresponds to the star formation threshold of αvir,sf = 10. Thin dotted lines parallel to the star formation threshold show constant values of αvir = 1000, 100, and
1 (from left to right).
The star-forming mass fraction, on the other hand, remains
independent of ff because, according to Equation (15),
fsf ≈
(
1+
τ+
τ−,d
)−1
. (17)
Such scalings, τdep ∝ −1ff and fsf ≈ const, indeed persist in our
simulations with low ff values (see ff = 0.01% and 0.1% in
Figures 1–3).
Physically, these scalings arise because at low ff and ξ
the contributions of star formation (M˙?) and feedback (F−,fb)
terms to the overall mass flux balance in Equation (6) be-
come small. As a result, the steady state is established with
F−,d ≈ F+, which yields Equations (16) and (17). In our sim-
ulated galaxy, such a state is established as gas is compressed
into new star-forming clumps at the same rate at which old
clumps are dispersed by differential rotation and tidal torques,
and neither of these processes depends on ff. The interplay
between compression and dynamical dispersal determines the
steady-state distribution of gas in the n–σtot diagram (the bot-
tom left panel of Figure 5), which is also insensitive to ff.
As a consequence, the star-forming mass fraction, fsf, and the
mean freefall time in star-forming gas, τff, also do not de-
pend on ff and are determined solely by the definition of the
star-forming gas. The global depletion time, however, does
depend on ff as is evident from Equation (16).
As F−,fb is subdominant in this regime, τdep, fsf, and τff are
also insensitive to the feedback strength, but they do depend
on the star formation threshold. Indeed, as blue lines in the
left column of Figure 3 show, τdep, fsf, and τff remain ap-
proximately constant when feedback boost factor, b, is varied
from 0 to 5. At the same time, when star formation threshold
is varied such that more gas is included in the star-forming
state, both fsf and τff increase because more low-density gas
is added, while τdep decreases as additional star-forming gas
increases SFR. It is worth noting that these dependencies on
star formation threshold are rather weak when the threshold
encompasses significant fraction of the ISM gas, but they be-
come stronger when the threshold selects gas only from the
high-density tail of distribution, because it is this high-density
gas that mostly determines τdep, fsf, and τff.
Finally, it is also worth noting that for some galaxies, or cer-
tain regions within galaxies, equilibrium may not be achiev-
able, so that F+ > F−,d or F+ < F−,d. In this case distribution of
gas evolves, and thus τdep, fsf, and τff also change with time.
This occurs in the central regions of galaxies in simulations
with ff = 0.1% and 0.01%, where the central gas concentra-
tion grows owing to accretion, and which we thus exclude
from our analysis (see Section 2.1).
4.2.2. Interpretation of Scalings in the Self-regulation Regime
Self-regulation occurs when ff or ξ are sufficiently large,
so that the first term on the right-hand side of Equation (14)
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dominates and depletion time is given by
τdep ≈ (1+ ξ)τ+, (18)
and is thus independent of ff, but scales almost linearly with
ξ. In this regime, the star-forming mass fraction scales in-
versely with ff (see Equation 15):
fsf ≈ 1(1+ ξ)ff
τff
τ+
, (19)
which also implies fsf  1 because τff/ff  (1 + ξ)τ+ is re-
quired for the subdominance of the terms proportional to −1ff
in Equation (14).
The scalings of Equations (18) and (19) are consistent with
the results of our simulations with large ff values (Figures 1–
3). The insensitivity of τdep to ff and its scaling with feedback
strength have also been observed in other simulations with
high ff and efficient feedback (e.g., Agertz & Kravtsov 2015;
Hopkins et al. 2017; Orr et al. 2017). In the literature, these
phenomena are also usually referred to as “self-regulation.”
As detailed in Paper I, self-regulation occurs when gas
spends most of the time in non-star-forming stages, fsf  1,
and the rate of star-forming gas supply, F+ in Equation (6),
is balanced by rapid gas consumption and strong feedback-
induced gas dispersal: F+ ≈ M˙? +F−,fb. In this case, global
depletion time is given by τdep ≈ Ncτ+, where Nc is the total
number of cycles between non-star-forming and star-forming
states (see Section 4.1). Due to large M˙?+F−,fb ∝ (1+ξ)ff, the
duration of star-forming stages, tsf, is regulated by star forma-
tion and feedback: when ff or ξ are increased, the lifetime
of gas in the star-forming state shortens as tsf ∝ [(1+ ξ)ff]−1.
However, the total time spent in the star-forming state before
complete depletion depends on ff but not on ξ: τ? ∝ −1ff . The
dependence on ff thus cancels out in Nc = τ?/tsf and global
depletion time becomes independent of ff but maintains scal-
ing with ξ.
Therefore, in the self-regulation regime, star formation reg-
ulates itself by controlling the timescale on which feedback
disperses star-forming regions and by conversion of gas into
stars in these regions. The relative importance of these pro-
cesses is determined by the feedback strength per unit of
formed stars, i.e. the ξ value.
When feedback is efficient, ξ 1, as is the case in our sim-
ulations3 shown in Figure 5, the ISM gas distribution at high
ff is shaped by feedback-induced gas motions, F+ ≈ F−,fb.
Specifically, as the top panels show, at ff = 1% and 100%,
efficient feedback makes ISM structure flocculent and de-
void of dense star-forming clumps, which are typical in the
ff = 0.01% simulation. The bottom panels show that at high
ff efficient feedback keeps most of the dense gas above the
star formation threshold or close to it. This results in a signif-
icant decrease of fsf and increase of τff in this regime, com-
pared to the dynamics-regulated regime.
When feedback is inefficient, ξ  1, or even completely
absent, ξ = 0, the gas consumption dominates at high ff,
F+ ≈ M˙?. In this regime, all available star-forming gas is
rapidly converted into stars and the global depletion time is
determined by the timescale on which new star-forming gas is
supplied, i.e. τdep ∼ τ+. Thus, this regime is analogous to the
“bottleneck” scenario envisioned by Saitoh et al. (2008). Our
simulations with b = 0 and ff ≥ 10% operate in this regime,
3 Our results in Section 4.2.4 and Appendix A suggest that ξ ∼ 60 in our
simulations with fiducial feedback and star formation threshold.
and because τ+ is short, τdep is also short, so that gas is rapidly
consumed and the simulated galaxy cannot settle into an equi-
librium state.
Dependence of τdep, fsf, and τff on the choice of the star
formation threshold can also be understood as follows. As
ff and ξ increase, the average density of the star-forming gas
decreases, which increases τff. For the density-based thresh-
old, the value of τff becomes independent of ff and ξ as the
star-forming gas is kept at the density close to the threshold,
n ∼ nsf. Larger αvir,sf (or smaller nsf) in Figure 3 results in
shorter τdep ∝ τ+, because τ+ decreases as it takes less time
for gas to evolve from the typical ISM density and αvir to
the values of the star-forming gas. As typical densities of the
star-forming gas decrease, τff increases and thus fsf ∝ τff/τ+
(Equation 19) also increases because of both longer τff and
shorter τ+.
In the above discussion, the dynamical time τ+ was assumed
to be independent of ff and the feedback strength. This is
certainly a simplification, as τ+ can be determined by feed-
back, which can limit the lifetime of star-forming regions,
drive large-scale turbulence in the ISM, inflate low density
hot bubbles, launch fountain-like outflows, and sweep gas into
new star-forming regions. These processes are reflected in the
complicated pattern of the net gas flux in the n–σtot plane in
the bottom middle panel of Figure 5, which shows a promi-
nent clockwise whirl near the star formation threshold and a
counterclockwise whirl in the lower-density gas. The clock-
wise whirl originates from the ISM gas being swept by SN
shells, while the counterclockwise whirl is shaped by the gas
in freely expanding shells (see Section 4.2 of Paper I for a
more detailed discussion). Nevertheless, we find that the de-
pendence of τ+ on the feedback strength variation is much
weaker than the linear scalings of τdep and fsf with ξ and ff
(see Section 4.2.4), and thus our simplification is warranted.
4.2.3. Transition between the Regimes
Self-regulation or dynamics-regulation regimes occur when
the first or second term in Equation (14) dominates. In Sec-
tion 3, we illustrated these regimes using simulations in which
ff, feedback strength, and star formation threshold are var-
ied in a wide range. The transition between the two regimes
depends on all of these parameters. For example, the depen-
dence of transition on the feedback strength is evident from
Figure 2: at stronger feedback, the transition occurs at smaller
ff. As a result, the run with ff = 1% and weak feedback,
b = 0.2, exhibits behavior of the dynamics-regulation regime,
while the galaxy in the run with the same ff but with much
stronger feedback, b = 5, is in the self-regulation regime. Sim-
ilarly, from the middle and right panels of Figure 3, when
ff = 1% and threshold defines a significant fraction of gas as
star-forming (e.g., αvir,sf = 100 or nsf = 10 cm−3), simulated
galaxies are in the dynamics-regulation regime. On the other
hand, when threshold defines only a small fraction of gas as
star-forming (e.g., αvir,sf = 10 or nsf = 100 cm−3), galaxies are
in the self-regulation regime.
Note, however, that achieving self-regulation with the
threshold variation is not always possible, because the thresh-
old affects both terms in Equation (14), and thus the value of
the threshold at which the first term dominates does not al-
ways exist. For example, in the top middle panel of Figure 3,
when ff < 1%, depletion time bends upward at αvir,sf < 10
and remains inversely proportional to ff and therefore never
reaches the self-regulation regime.
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In the transition between dynamics-regulated and self-
regulated regimes, the relation between our model parameters
follows from the condition that the terms in Equation (14) are
comparable:
(1+ ξ)ff ∼
(
1+
τ+
τ−,d
)
τff
τ+
. (20)
Notably, in this case a given galaxy has the same star-forming
mass fraction independent of ff or the feedback strength. In-
deed, after substituting condition (20) into Equation (15), we
get
fsf ∼ 12
(
1+
τ+
τ−,d
)−1
, (21)
i.e., the star-forming mass fraction at the transition is half of
that in the dynamics-regulation regime (Equation 17).
4.2.4. Quantitative Predictions as a Function of ff and Feedback
Strength
So far, we described how the model presented above can
explain the trends and regimes revealed by our simulations
qualitatively. Here we will show that the model can also de-
scribe the simulation results quantitatively.
To predict τdep and fsf in the simulations using Equa-
tions (14) and (15), we note that the unknown parameters
enter these equations only in three different combinations:
(1+ ξ)τ+, τ+/τ−,d, and τff/ff. These can be calibrated against
a small subset of the simulations in the dynamics- and self-
regulation regimes using scalings discussed in Sections 4.2.1
and 4.2.2 as a guide. Quantitative predictions of the model
with calibrated parameters for the trends of τdep and fsf can
then be compared with the results of other simulations, not
used in the calibration.
Specifically, using two runs in the self-regulated regime
with ff = 100%, we measure the normalization of (1+ξ)τ+ and
its scaling with the feedback boosting factor b. Equation (18)
gives the normalization of the global depletion time in the
high-ff run with b = 1: [(1 + ξ)τ+]0 ≈ τdep(b = 1) ∼ 6 Gyr.
Adopting (1 + ξ)τ+ ∝ bβ for the scaling with b, the slope
β = ∆ logτdep/∆ logb ≈ 0.75 is measured using the second
run with b = 5, and thus the final relation is
(1+ ξ)τ+ ≈ 6b0.75 Gyr, (22)
i.e. (1+ ξ)τ+ is long and increases almost linearly with b.
Using a simulation with ff = 0.01% (i.e., the dynamics-
regulation regime) and Equation (17), we estimate the ratio of
dynamical times τ+/τ−,d from the value of star-forming mass
fraction, fsf ≈ 0.2, measured in this simulation:
τ+
τ−,d
≈ 1
fsf
−1∼ 4, (23)
which implies that in the absence of feedback the star-forming
gas is supplied 4 times more slowly than it is dispersed by
dynamical effects.
Finally, the last unknown parameter is the average freefall
time in the star-forming gas, τff. In our simulations, τff varies
only mildly, from τff ≈ 2–3 Myr in the dynamics-regulation
regime to τff ≈ 5–6 Myr in the self-regulation regime. In the
simplest case, we can make predictions assuming a constant
τff = 4 Myr, which is representative of the freefall time in star-
forming regions both in our simulations and in observations.
Figure 6 compares the simulation results for τdep and fsf as
a function of the feedback strength, b, with the predictions of
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FIG. 6.— Comparison of our model predictions (shown with lines) for
the global depletion time (τdep; top panel) and the star-forming mass fraction
( fsf; bottom panel) with the results of our simulations with varying ff and
the feedback boost factor, b, assuming the fiducial star formation threshold,
αvir,sf = 10 (notation repeats that of Figure 3). To fix the model parameters,
we use τdep in two high-ff runs (red circled points in the top panel), which
give (1+ ξ)τ+ ∼ (6 Gyr) b0.75, and fsf from a low-ff run (blue circled point
in the bottom panel), which gives τ+/τ−,d ∼ 4. As thick lines show, if we ne-
glect variation of τff and assume the average τff = 4 Myr, our model correctly
predicts the overall behavior of τdep and fsf. As thin lines show, predictions
of our model are improved if the variation of τff is also modeled as explained
in Appendix A. To avoid clutter, simulation points for ff = 0.1%, 1%, and
10% are slightly shifted horizontally around the actually used values of b = 0,
0.2, 1, and 5.
our model with constant τff = 4 Myr (thick lines). Of the 20
simulation results shown by points in the figure, only three
were used to calibrate the four model parameters, [(1+ξ)τ+]0,
β, τ+/τ−,d, and τff, as described above; these simulations are
shown by the large circled points. For the other 17 simula-
tions, the lines show predictions of the model. Figure 6 shows
that the model correctly predicts a wide variation of τdep and
fsf with ff and the feedback strength b in the entire suite of
simulations.
Moreover, τdep and fsf involve two independent quantities,
M˙? and Msf, measured in the simulations. Thus, our four-
parameter model calibrated using three simulations describes
well 17× 2 = 34 independent data points. The fact that our
model closely agrees with the simulations when we treat τff as
a fixed parameter and τ+ as independent of ξ and ff indicates
that most of the variation of τdep and fsf is driven by their
explicit dependence on ff and ξ in Equations (14) and (15),
whereas any variation of τff and τ+ with ff and ξ is secondary.
Nevertheless, accounting for τff variations can somewhat
improve the accuracy of our model. Thin lines in Figure 6
and in the left panels of Figure 3 show our model predic-
tions incorporating τff variation with ff and ξ values. To
model this variation, we note that the increase of τff dur-
ing the transition from the dynamics-regulation regime to the
self-regulation regime is controlled by the total rate of the
star-forming gas removal by gas consumption and feedback:
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M˙? + F−,fb ∝ (1 + ξ)ff. Thus, we calibrate the values of τff
in these regimes using the same three simulations as before,
and we interpolate τff as a function of (1 + ξ)ff for all other
simulations. The details of this calibration and the adopted
interpolation function are presented in Appendix A.
4.2.5. Quantitative Predictions as a Function of the Star
Formation Threshold
To predict how τdep, fsf, and τff depend on the star forma-
tion threshold, αvir,sf, we need to calibrate model parameters
as a function of αvir,sf. Analogously to the previous section,
we constrain these dependencies using runs in the limiting
regimes and use our model to predict τdep, fsf, and τff in the
other simulations. Our model predictions are shown with lines
in the middle column of panels in Figure 3 using calibrations
done as follows.
First, the dependence of (1 + ξ)τ+ and τff in the self-
regulation regime on αvir,sf can be assessed using a run with
ff = 100% and fiducial αvir,sf = 10 and an additional run with
αvir,sf = 100 to obtain the following scalings:
(1+ ξ)τ+ ∝ α−0.5vir,sf, (24)
τff ∝ α0.4vir,sf. (25)
The scaling of (1 + ξ)τ+ is measured as the slope of τdep in
the top middle panel of the figure. For the typical density of
the star-forming gas n¯, the freefall time is τff ∝ n¯−0.5 and the
slope of 0.4 in Equation (25) thus indicates that n¯ ∝ α−0.8vir,sf.
Given that αvir ∝ σ2t /n, this means that the typical velocity
dispersion in the star-forming gas scales as σ¯t ∝ α0.1vir,sf.
Second, we note that to constrain the behavior of τ+/τ−,d
and τff in the dynamics-regulated regime, no extra runs are
needed, and all the required information can be obtained di-
rectly from the simulation with ff = 0.01% and b = 1, which
has been already used in the previous section. This is be-
cause in the dynamics-regulated regime the gas distribution
in the n–σtot plane is not affected by star formation and feed-
back, and thus we expect it to be the same as in the bottom
left panel of Figure 5. Therefore, fsf—which yields τ+/τ−,d
from Equation (17)—and τff as a function of the star forma-
tion threshold can be directly measured from this distribution.
We spline fsf(αvir,sf) and τff(αvir,sf) in the low-ff simulation
with fiducial αvir,sf and show these functions with blue lines
in the bottom two panels of the middle column in Figure 3.
These two steps fix the dependencies of (1+ ξ)τ+, τ+/τ−,d,
and τff on the star formation threshold, and thus we can pre-
dict how τdep, fsf, and τff depend on the threshold at different
ff and our predictions closely agree with the results of simu-
lations, as shown in the middle column of panels in Figure 3.
To test our model, we repeated the above steps for the sim-
ulations with the star formation threshold in the gas density
rather than in αvir. As the right column of Figure 3 shows, our
predictions again closely agree with the results of the simu-
lations, although the values of the parameters are of course
different (see Appendix A).
4.3. Generic Approach to Calibrating the Star Formation
and Feedback Parameters in Simulations
Galaxy simulations can differ significantly in numerical
methods used to handle hydrodynamics and in specific de-
tails of the implementation of star formation and feedback
processes. The implementations can also be applied at dif-
ferent resolutions, so that the values and sometimes even the
physical meaning of the parameters change. Thus, the param-
eter values of our model that we calibrated above should be
used with caution and applied only when similar numerical
techniques, resolutions, and implementations of star forma-
tion and feedback are used.
Nevertheless, the overall calibration approach can still be
used in all cases to choose the values of the star formation and
feedback parameters. For example, one can calibrate τdep and
fsf dependence on the parameters in the dynamics-regulation
regime using one simulation with a very low (or even zero)
value of ff, as was done in Sections 4.2.4 and 4.2.5. Then,
the τdep and fsf behavior in the self-regulation regime can
be anchored using several simulations with varying feedback
strength and star formation threshold at sufficiently high ff.
The value of ff appropriate for this second step can be cho-
sen from the condition that the local depletion time at typical
densities of the star-forming gas must be much shorter than
the global depletion time, which thus implies ff  τff/τdep.
The appropriately high value of ff will also result in fsf much
smaller than the fsf in the simulation with low ff.
5. COMPARISONS WITH OBSERVATIONS
Results presented in the previous section demonstrate that
our general theoretical framework for star formation in galax-
ies can describe and explain the results of galaxy simulations
both qualitatively and quantitatively. The model can thus be
also used to interpret and explain observational results, in par-
ticular the observed long gas depletion times in galaxies, as
we showed in Paper I. In this section, we use the observations
to constrain the parameters of our model, in particular, the ef-
ficiency of star formation per freefall time, ff. We also use the
model to infer whether observed galaxies are in the dynamics-
or self-regulation regime.
Specifically, we use the observed values of the depletion
time of atomic+molecular and just molecular gas at different
scales—from global galactic values to the scales comparable
to our resolution limit of ∼ 40 pc—as well as the mass frac-
tion of gas in star-forming regions and in the molecular phase.
Comparisons and inferences from observations on different
scales are presented in separate sections below. In most of the
comparisons, we use observations in the Milky Way, where
star formation is studied most extensively. However, when-
ever possible, we also use recent observations of other nearby
galaxies. Note that we focus here on the inferences specific to
∼L?-sized galaxies, as our simulated galaxy model has struc-
tural parameters typical for such galaxies.
In what follows, we use the star formation rates in simu-
lations computed differently on different scales, in ways that
approximate how corresponding rates are estimated in obser-
vations. We compute the local SFR using the total mass of
stellar particles younger than some age tsf in the cell: M˙cell? ≡
Mcell? (< tsf)/tsf, where the choice of tsf is motivated by star
formation indicators used in observations. In Sections 5.2.1
and 5.2.3, we compare our results with extragalactic studies
that use Hα and far IR indicators sensitive to the presence
of massive young stars, and we thus adopt tsf = 10 Myr (see,
e.g., Table 1 in Kennicutt & Evans 2012). In Section 5.2.2
we compare with observations of individual star-forming re-
gions, where SFR is estimated by direct counting of pre-main-
sequence young stellar objects, and thus we adopt tsf = 1 Myr
in this case.
To compare our results with the observed distribution of
molecular gas, in each computational cell we estimate the
12 Semenov, Kravtsov, Gnedin
10−4 10−3 10−2 10−1
fsf
0.1
1
10
100
τ d
ep
(G
y
r)
0.01%
0.1%
1%10%100%
²ff
0.2
1
5
0
b
²ff
0.01%
0.1%
1%
10%
100%
FIG. 7.— Comparison of our simulation results (points) and our model
predictions (gray lines) for the star-forming mass fraction, fsf, and the global
depletion time, τdep, with their values in the Milky Way (green rectangle).
Notation of points repeats that of Figure 3, with color indicating ff and the
feedback boost factor, b, increasing upward: 0, 0.2, 1, and 5. Solid gray
lines show the predictions of our model calibrated in Section 4.2.4 for the
constant values of 0.2 < b < 5 and 0.01% < ff < 100%, with thicker lines
corresponding to the values used in the simulations and thinner lines showing
intermediate values: b ≈ 0.45 and 2.2 and ff ≈ 0.032%, 0.32%, 3.2%, and
32%. The dashed line indicates model predictions for runs without feedback
(b = 0), assuming τ+ = 100 Myr, as motivated by the results of Paper I. The
green rectangle indicates the range estimated for the Milky Way, fsf ∼ 1.5%−
10% and τdep ∼ 5–10 Gyr, as explained in the text.
molecular mass as ρH2∆
3 = f cellH2 ρ(1 −YHe)∆
3, assuming the
helium mass fraction of YHe = 0.25 and computing f cellH2 us-
ing the model of Krumholz et al. (2008, 2009) and McKee &
Krumholz (2010): f cellH2 = max[0, (1− 0.75s/(1+ 0.25s))] with
s≈ 1.8/τc and τc = 320(ρ∆/g cm−2) at solar metallicity.
5.1. Global Star Formation
5.1.1. Comparison with Observed τdep and fsf
We start our comparisons with observations by comparing
our model and simulation predictions as a function of ff and
the feedback strength b with the global values of the depletion
time, τdep, and the mass fraction of star-forming gas, fsf. To
make a fair comparison, τdep and fsf in observations must be
defined consistently with their definition in the simulations.
While τdep can be compared directly using the total gas mass
and SFR, the comparison of fsf is more nuanced, because
one needs to choose which gas in real galaxies corresponds
to the star-forming gas in simulations. Our fiducial star for-
mation criterion, αvir < αvir,sf = 10, is motivated by αvir in
observed GMCs, and it selects molecular gas with the lowest
turbulent velocity dispersions on the scale of our resolution,
∆ = 40 pc. Such a criterion also results in the average freefall
time in star-forming regions of τff ≈ 3–6 Myr, which is con-
sistent with typical τff values estimated for observed GMCs
(see, e.g., Figure 1 in Agertz & Kravtsov 2015). In simula-
tions with larger αvir,sf, τff becomes several times longer than
observed in GMCs (see the bottom middle panel of Figure 3).
Thus, we argue that our fiducial value of αvir = 10 corresponds
to the definition of the star-forming regions in observations
most closely, and we will use the simulations with this value
to constrain ff. We will, however, discuss the dependence on
the assumed threshold below, whenever it is relevant.
To compare our model results, we use the global deple-
tion time and the mass fraction of the star-forming gas in the
Milky Way, τdep ∼ 5–10 Gyr and fsf ∼ 1.5%–10% estimated
as follows. The range of τdep follows from Mg ∼ 1010 M
(e.g., Kalberla & Kerp 2009) and M˙? ∼ 1–2 M yr−1 (e.g.,
Licquia & Newman 2015). The upper limit on the star-
forming mass fraction follows from the assumption that all
molecular gas in the Milky Way is star-forming, and thus
fsf < fH2 = MH2/Mg ∼ (109 M)/(1010 M) ∼ 10% (Heyer
& Dame 2015). A conservative lower limit on fsf can be esti-
mated using the total mass in the largest star-forming GMCs
in the Milky Way from Murray (2011), with sizes compa-
rable to our resolution of 40 pc. These massive GMCs ac-
count for 33% of total SFR in the Milky Way but have a total
mass of ≈ 5× 107 M. If the rest of star formation in the
Milky Way were proceeding in clouds with local depletion
times similar to those in the Murray (2011) sample, then the
total mass of the star-forming gas would be 3 times larger,
or ≈ 1.5× 108 M, which would mean fsf ∼ 1.5%. How-
ever, this estimate is a conservative lower limit because the
rest of the star-forming gas probably forms stars with lower
efficiency, as it does not host bright radio sources associated
with H II regions, used by Murray (2011) to identify the star-
forming GMCs.
In Figure 7, the above constraints on τdep and fsf in the
Milky Way (green rectangle) are compared to the results of
our simulations (points with error bars) and the predictions
of our analytical model (gray lines). The figure shows that
only ff ∼ 0.5%–5% and b∼ 0.3–2 can satisfy the constraints
on both τdep and fsf simultaneously. It is important to note
that this constraint on ff is rather generous, due to the rather
conservative lower limit estimate of fsf we use for the Milky
Way.
This conclusion would not change if we adopted a dif-
ferent star formation threshold. Figure 3 shows that αvir,sf
values smaller than our fiducial αvir,sf = 10 would result in
even smaller fsf, while even values as large as αvir,sf = 100
for ff = 100% would only increase the star-forming gas mass
fraction to fsf ≈ 0.7%, while decreasing the depletion time to
τdep ≈ 2 Gyr, which is still far outside the range we estimate
for the Milky Way.
Note that the figure shows that τdep and fsf in the Milky Way
have values close to the transition between self-regulation
and dynamics-regulation regimes. Indeed, the self-regulation
regime corresponds to small fsf < 0.01 at which gray lines
of constant b are horizontal, the dynamics-regulation regime
is manifested by the convergence of these lines to fsf ∼ 0.2,
and fsf in the Milky Way lie in between these two regimes.
The conclusion that the Milky Way is in the regime interme-
diate between dynamics- and self-regulation regimes is also
directly supported by the estimate for the second term in
Equation (14), (1+ τ+/τ−,d)τ?. Indeed, observed local deple-
tion times in the Milky Way’s GMCs are τ? ∼ 100–500 Myr
(e.g., Evans et al. 2009, 2014; Heiderman et al. 2010; Lada
et al. 2010, 2012; Gutermuth et al. 2011; Schruba et al. 2017),
and the prefactor in front of τ? is likely similar to that ob-
tained in our simulations, 1 + τ+/τ−,d ∼ 5 (Equation 23), be-
cause we expect that our simulations capture dynamical time
scales of star-forming gas supply and dispersal. As a re-
sult, (1+ τ+/τ−,d)τ? ∼ 0.5–2.5 Gyr contributes a sizable frac-
tion to the observed global depletion time in the Milky Way,
τdep,MW ∼ 5–10 Gyr, and thus the Milky Way is in the inter-
mediate regime.
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FIG. 8.— Comparison of the simulation results (points) and our model
predictions (gray lines) with the total molecular mass fraction, fH2 , and
the global depletion time of molecular gas, τdep,H2 = fH2τdep, in the Milky
Way (green rectangle). The symbols and lines are the same as in Fig-
ure 7. Our model for fH2 is explained in Appendix B. For the Milky
Way, we adopt fH2 = (1.0± 0.3)× 109 M (Heyer & Dame 2015) and
τdep,H2 = (10
9 M)/(1–2 M yr−1) ∼ 0.5–1 Gyr (e.g., Licquia & Newman
2015).
5.1.2. Comparison with the Global Mass Fraction and the
Depletion Time of Molecular Gas
Figure 8 compares the global molecular gas mass frac-
tion, fH2 , and its depletion time, τdep,H2 , estimated for the
Milky Way (green rectangle) with their values measured in
our simulations (points with error bars) and predicted by
our model (gray lines). For the Milky Way, we used fH2 =
(1.0± 0.3)× 109 M from Heyer & Dame (2015) and esti-
mated τdep,H2 = (10
9 M)/(1–2 M yr−1)∼ 0.5–1 Gyr. In the
simulations, the total molecular mass, MH2 , required to com-
pute fH2 and τdep,H2 is derived as a sum of the molecular mass
in each cell, computed as explained at the beginning of Sec-
tion 5. The model predictions are obtained using the depen-
dence of fH2 on ff and the feedback strength, calibrated at the
end of Appendix B. The definition of the molecular gas deple-
tion time is τdep,H2 ≡MH2/M˙? = (MH2/Mg)(Mg/M˙?) = fH2τdep,
with τdep given by Equation (14).
The figure shows that fH2 and τdep,H2 within the observed
range can be obtained only in the simulations with ff ∼
0.5%–5% and b ∼ 0.2–3. Note that this range of parame-
ters is similar to the range constrained by the observed fsf and
τdep in the previous section. This consistency between differ-
ent constraints indicates that in our simulations with ff ∼ 1%
and b ∼ 1 the overall distribution of the ISM gas in different
phases is captured correctly.
Typical values of fH2 estimated in other L?-sized galaxies
are usually even larger than the Milky Way value (e.g., ∼
10%–30% in Leroy et al. 2008). According to Figure 8, such
fH2 , together with somewhat longer depletion times (τdep,H2 ∼
1–3 Gyr in Bigiel et al. 2008, 2011; Leroy et al. 2013; Utomo
et al. 2017), favors small values of ff. Our model, calibrated
on a specific simulation of an L?-sized galaxy, does not pre-
dict values fH2 > 20%. However, according to our model, the
values of fH2 > 20% observed in molecular-rich galaxies can
be due to a smaller ratio of dynamical time scales τ+/τ−,d in
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FIG. 9.— Comparison of the molecular gas depletion time, τdep,H2 , av-
eraged on kiloparsec scale in our simulations (squares with vertical bands),
with the observed range shown with horizontal color bands. The blue band
indicates the range of τdep,H2 ∼ 1.6 Gyr (excluding correction for helium)
with a factor of 2 scatter, which was derived in a number of studies (Bigiel
et al. 2008, 2011; Leroy et al. 2013; Bolatto et al. 2017; Utomo et al. 2017;
Colombo et al. 2018). The green band indicates the range of kiloparsec scale
τdep,H2 in the Milky Way, estimated from the profiles of ΣH2 and ΣH2 in
Figure 7 in Kennicutt & Evans (2012). In simulations, τdep,H2 is averaged us-
ing 10 simulation snapshots between 410 and 500 Myr. Squares indicate the
mass-weighted averages 〈1/τdep,H2 〉−1, and vertical stripes show the range of
the running median for gas with ΣH2 > 1 M pc
−2. For presentation pur-
poses, the simulation points are slightly shifted horizontally around the actu-
ally used values of b = 0.2, 1, and 5. Colored lines show the predictions of our
model for the global depletion time of the molecular gas (see Sections 5.1.2).
such galaxies as compared to the value of τ+/τ−,d ∼ 4 in our
simulated galaxy, which sets the upper limit of fH2 ∼ 20% in
the dynamics-regulation regime (Equation 17).
Figure 8 also illustrates three interesting differences in the
behavior of fH2 and τdep,H2 as compared to that of fsf and
τdep in the previous section: (1) the range of fH2 variation is
substantially narrower than that of fsf; (2) in contrast to τdep,
τdep,H2 does depend on ff even in the self-regulation regime;
and (3) the temporal variation of τdep,H2 (shown with vertical
error bars) is much smaller than that of τdep. The range of
fH2 variation is narrow because even at high ff and b feed-
back cannot efficiently clear the non-star-forming molecular
gas that piles up above the star formation threshold. When
τdep is independent of ff, the sensitivity of τdep,H2 to ff origi-
nates from the weak sensitivity of fH2 to ff, τdep,H2 = fH2τdep,
and its temporal variation is small because fH2 anticorrelates
with τff, as both respond to the dispersal of the dense gas by
feedback, and this anticorrelation mitigates the variation of
τdep,H2 ∝ fH2τff. Note that all these effects are due to the defini-
tion of the star-forming gas being different from the molecular
gas and its corollary of the existence of the non-star-forming
molecular gas.
5.2. The Depletion Times of the Molecular Gas on
Subgalactic Scales
5.2.1. τdep,H2 on Kiloparsec Scales
Over the past two decades, star formation, the distribution
of the molecular gas, and its depletion time τdep,H2 = ΣH2/Σ˙?
have been studied observationally down to kiloparsec scales
in dozens of nearby galaxies (e.g., Wong & Blitz 2002; Bigiel
et al. 2008, 2011; Leroy et al. 2013; Bolatto et al. 2017;
Utomo et al. 2017). These observational studies show that
typical observed values of τdep,H2 ∼ 2 Gyr have a factor of
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FIG. 10.— Comparison of the molecular gas depletion time and the gas surface densities on GMC scales with their distribution on the resolution scale in
our simulations, ∆ = 40 pc. Adopted star formation efficiency increases from the left to the right: ff = 0.01%, 1%, and 100%. The color map shows the
mass-weighted distribution of computational cells for which we define ΣH2 ,40 pc = M
cell
H2
/∆2 with molecular mass in a cell, McellH2 , computed using the model of
Krumholz et al. (2009, see the beginning of Section 5 above) and τdep,H2 = M
cell
H2
/M˙cell? = M
cell
H2
/(Mcell? (< 1 Myr)/(1 Myr)), where in each cell M
cell
? (< 1 Myr) is
the total mass of stars younger than 1 Myr. Cells containing only a single stellar particle form the diagonal upper boundary of τdep,H2 distribution. Cells without
young stellar particles are indicated by blue horizontal stripes on top of each axis. Orange points show the observed τdep,H2 in the Milky Way GMCs from Lada
et al. (2010, circles), Heiderman et al. (2010, stars), and Vutisalchavakul et al. (2016, squares). A green polygon indicates the range of ΣH2 and τdep,H2 observed
in three nearby spiral galaxies by Rebolledo et al. (2015).
∼ 2 scatter and are independent of the local kiloparsec-scale
molecular gas surface density, ΣH2 . In the Milky Way, val-
ues of kiloparsec-scale τdep,H2 are somewhat shorter and span
a range of τdep,H2 ∼ 0.5–2 Gyr (estimated from Figure 7 in
Kennicutt & Evans 2012).
In Figure 9, we compare these values of τdep,H2 (colored
bands) with the results of our simulations (squares with verti-
cal stripes) and our model predictions (thin lines). As the fig-
ure shows, the results of our fiducial simulation with ff = 1%
and b = 1 agree well with the typical values of τdep,H2 in-
ferred in observations. However, the simulations with, e.g.,
ff ∼ 100% and b ∼ 5 also agree with the observed range
of τdep,H2 because the dependence of τdep,H2 on these param-
eters (and especially on ff) is relatively weak. Similarly
to the global star-forming gas and molecular gas mass frac-
tions considered above in Section 5.1.2, the parameters will
be constrained much better when estimates of the molecular
gas fraction become available on subgalactic scales in more
and more galaxies (e.g., Wong et al. 2013; Leroy et al. 2016,
2017).
To make the comparison presented in Figure 9, in the sim-
ulations we compute τdep,H2 = ΣH2/Σ˙?, where ΣH2 and Σ˙? are
measured by first projecting the local densities of the molec-
ular gas and SFR perpendicular to the disk plane and then
smoothing the resulting surface densities using a Gaussian fil-
ter with a width of 1 kpc. Squares in Figure 9 show the mass-
weighted averages 〈1/τdep,H2〉−1 on a kiloparsec scale, which
are equivalent to the global depletion times of the molecular
gas,4 and these averages are well approximated by our model
(colored lines). A vertical band around each square indicates
variation of the running median of τdep,H2 in bins of ΣH2 at
surface densities of ΣH2 > 1 M pc
−2. This variation is rather
small because our simulations produce constant τdep,H2 , even
though a density-dependent depletion time is adopted on sub-
grid scale: τ? ∝ τff ∝ ρ−0.5. Such independence of τdep,H2 from
ΣH2 agrees with the observed constant τdep,H2 , and its origin in
our simulations is discussed in Section 4.4 of Paper I. We also
find that the scatter around the running median (not shown) is
4 By definition, 〈1/τdep,H2 〉−1 ≡ [
∫
dA (ΣH2/τdep,H2 )/
∫
dA ΣH2 ]
−1 =∫
dA ΣH2/
∫
dA Σ˙? = MH2/M˙?.
consistent with observations as well (see Figure 3 in Paper I).
5.2.2. τdep,H2 on Tens of Parsec Scales
Although current observations in most galaxies probe star
formation and molecular gas only on scales & 1 kpc, obser-
vations of star-forming regions in the Milky Way allow us
to examine these quantities on smaller scales. Furthermore,
scales of . 100 pc are increasingly probed in nearby galaxies
(Bolatto et al. 2011; Rebolledo et al. 2015; Leroy et al. 2017),
and this allows us to compare results of our simulations on
these scales as well.
Figure 10 shows the variation of τdep,H2 in the Milky
Way (points; Heiderman et al. 2010; Lada et al. 2010; Vuti-
salchavakul et al. 2016) and three nearby spiral galaxies
(trapezoidal region; Rebolledo et al. 2015) with the molecu-
lar gas depletion time on the scale of 40 pc in our simulations
(blue color map) as a function ofΣH2 . For this comparison we
only show GMCs in the Milky Way that have sizes of& 10 pc,
to make the scales comparable to the scale probed in our sim-
ulations. Different panels show the distribution of the local
depletion times in our simulations with different values of the
star formation efficiency: ff = 0.01%, 1%, and 100%.
As the figure shows, although the observed τdep,H2 vary sub-
stantially, their typical values can be reproduced only in runs
with ff ∼ 1%, while runs with too low (high) ff significantly
overestimate (underestimate) τdep,H2 in star-forming regions.
Note that in all runs the distribution of τdep,H2 is bimodal:
τdep,H2 is either finite, which corresponds to star-forming gas,
or infinitely long, i.e. the gas is non-star-forming. In the fig-
ure, τdep,H2 in the latter case is artificially set to 500 Gyr for
illustration purposes. Different runs differ by the fraction of
the molecular gas in the star-forming state and by the average
τdep,H2 of such gas. The fraction of the star-forming gas is the
lowest in the run with ff = 100%, and this gas has depletion
times of only ∼ 2–200 Myr. These short depletion times of
star-forming H2 are averaged with large amounts of the non-
star-forming molecular gas in this run, so that the depletion
time on & 1 kpc scales in the ff = 100% case is only a fac-
tor of two shorter than in the ff = 1% run. This shows that
while τdep,H2 on & 1 kpc scales is relatively insensitive to ff,
its values on the scales of . 100 pc are quite sensitive to the
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FIG. 11.— Effect of ff and the feedback boost factor, b, on the τdep bias
as a function of the spatial smoothing scale, L. The depletion time in a given
aperture of size L is defined as τdep,H2 (L) ≡ ΣH2 ,L/Σ˙?,L, where ΣH2 ,L and
Σ˙?,L are the molecular gas and the SFR surface densities smoothed using a
Gaussian filter with a width L. Star symbols indicate the median depletion
time measured in the apertures centered on peaks in Σ˙?, while circles corre-
spond to the apertures centered on peaks in ΣH2 . To factor out the variation
of the global molecular gas depletion time with the feedback strength, we di-
vide τdep,H2 (L) by global τdep,H2 . Dashed lines show the results obtained for
M33 by Schruba et al. (2010). To match the temporal averaging of the Hα
indicator used by Schruba et al. (2010), we estimate Σ˙? using stars younger
than 10 Myr.
efficiency and can thus be used to constrain it.
5.2.3. The Scale Dependence of τdep,H2
Results of the previous two sections clearly show that the
distribution of τdep,H2 depends on the spatial scale. Indeed,
τdep,H2 in a given ISM patch results from averaging over a dis-
tribution of gas and stars inside the patch, and thus τdep,H2
depends on the patch size, L: τdep,H2 (L). The quantity that
particularly strongly depends on the spatial scale is scatter:
when the size of the patch decreases, patch-to-patch variation
of gas and stars contained inside a patch becomes stronger,
which leads to a stronger variation of the derived depletion
time in each patch and thus larger scatter in τdep,H2 .
Following Schruba et al. (2010), one of the ways to express
the dependence of scatter on the spatial scale is to consider the
scale dependence of the depletion time, τdep,H2 (L), measured
in patches centered on the peaks ofΣH2 , which thus are biased
to long τdep,H2 (L), versus those measured in patches centered
on the peaks of Σ˙?, which are biased to short τdep,H2 (L). The
difference between these two estimates of τdep,H2 (L) is small
on large scales, and their values are approximately equal to
the global depletion time. At smaller scales, this difference
increases, as shown in Figure 11, which compares τdep,H2 (L)
observed in M33 by Schruba et al. (2010) with the results of
our simulations.
In simulations, τdep,H2 (L) centered on gas or stars strongly
depends on ff and the feedback boost factor b because
stronger feedback-induced gas flux results in more expulsive
evacuation of the gas from star-forming regions, which leads
to a stronger spatial displacement of ΣH2 and Σ˙? peaks. As
Figure 11 shows, the fiducial run that satisfied all previous
constraints also provides a reasonably good match to the ob-
served τdep,H2 (L). Overall, for the fiducial feedback strength,
both gas- and star-centered τdep,H2 (L) favors ff . 10%. Note,
however, that there is a degeneracy between the feedback
strength and ff value: the simulation with ff = 1% and b = 5
produces a relation similar to the simulation with ff = 10%
and b = 1.
It is also worth noting that ΣH2 -centered τdep,H2 (L) is no-
ticeably more sensitive to ff and b values. The sensitivity
is stronger because at higher ff or b the gas lifetime in the
star-forming state is shorter, young stars are more sporadic,
and thus it is less probable for a given patch centered on
a ΣH2 peak to contain young stars. As a result, τdep,H2 (L)
at high ff or b becomes highly biased to very large values.
On the contrary, Σ˙?-centered patches almost always contain
molecular gas, because its abundance does not significantly
decrease at stronger feedback (see Section 5.1.2). As a result,
for Σ˙?-centered patches, the bias also increases with ff and b
(τdep,H2 (L) becomes shorter), but this change is much milder
than for ΣH2 -centered patches.
Such strong dependence of ΣH2 -centered τdep,H2 (L) on star
formation and feedback parameters can provide tight con-
straints on these parameters. These constraints can be im-
proved significantly if the scale dependence of τdep,H2 is mea-
sured in a larger sample of galaxies. Note, however, that
more comprehensive comparison must include the effects of
the intrinsic variation of ff and the metallicity dependence of
the molecular gas fraction on GMC scale, which are not ac-
counted for in our simulations.
6. COMPARISON WITH PREVIOUS STUDIES
In previous sections, we showed that the simple theoreti-
cal framework presented in Paper I and Section 4.1 explains
how local star formation and feedback parameters affect the
global star formation in our L?-sized galaxy simulations, both
qualitatively and quantitatively. Here we illustrate how our
framework can also explain the results of other recent galaxy
simulations done with different numerical methods and im-
plementations of star formation and feedback, both in isolated
setups and in the cosmological context. Specifically, we will
use our model to interpret trends (or lack thereof) of the de-
pletion times with the local star formation efficiency, ff, the
feedback strength, and the adopted star formation thresholds.
For example, our framework predicts that in the simulations
that adopt high ff values and implement efficient feedback the
depletion time is almost completely insensitive to the value of
ff. This is because in this regime τdep is controlled by the
time that gas spends in the non-star-forming state, which does
not depend on ff explicitly. This explains why τdep is insensi-
tive to the variation of ff in the simulations of Hopkins et al.
(2017); this behavior is also reproduced in our simulations
(see Figures 1 and 3 above). In this regime, our framework
also predicts a nearly linear scaling of τdep with the feedback
strength parameter ξ, as is indeed observed in simulations
(Benincasa et al. 2016; Hopkins et al. 2017; Orr et al. 2017).
For smaller values of ff ≈ 1–10%, when the two terms
in Equation (14) contribute comparably to the total depletion
time, the model predicts that τdep should scale with ff weakly
(sublinearly). This was indeed observed in a number of sim-
ulations carried out in this regime (Saitoh et al. 2008; Dobbs
et al. 2011; Agertz et al. 2013, 2015; Benincasa et al. 2016). In
this case, sublinear scaling is also expected with the strength
of feedback, ξ, which is also confirmed by simulations (Hop-
kins et al. 2011; Agertz et al. 2013, 2015; Benincasa et al.
2016).
For simulations with ff . 1% or when the feedback imple-
mentation is inefficient, ξ 1, our model predicts that the de-
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pletion time is controlled by the second term in Equation (14)
and that it scales inversely with ff: τdep ∼ −1ff . Such scaling
was observed in the simulations without feedback by Agertz
et al. (2013, 2015), while in the simulations using the same
galaxy model but with efficient feedback, τdep was found to
be only weakly dependent on ff.
The weak dependence or complete insensitivity of τdep to
ff at intermediate and high ff explains why different galaxy
simulations with widely different ff ∼ 1%–100% all produce
realistic global depletion times. However, as our results of
Section 5 show, these simulations make drastically different
predictions for the star-forming and molecular gas mass frac-
tions, which can be used to constrain ff in this regime (see
Section 5.1). A similar idea was reported previously by Hop-
kins et al. (2012, 2013b), who showed that the fraction of
gas in the dense molecular state with n > 104 cm−3 strongly
depends on the local efficiency ff and the feedback imple-
mentation. Specifically, simulations with high ff and effi-
cient feedback have a small dense gas mass fraction owing
to efficient conversion of dense gas into stars and its dispersal
by feedback. This effect can explain why in the simulations
with ff = 100% reported by Orr et al. (2017) the Kennicutt–
Schmidt relation between the surface densities of SFR and
dense and cold gas (n> 10 cm−3 and T < 300 K) is consider-
ably higher than the observed relation for molecular gas. In
these simulations, the SFR is likely realistic because the de-
pletion time of the total gas is expected to be insensitive to
ff. The dense gas fraction, on the contrary, is expected to be
small, which leads to the small surface density of such gas and
thus high Kennicutt–Schmidt relation as in Orr et al. (2017).
Our model also predicts that τdep depends on the star for-
mation threshold differently in different regimes. For low ff,
τdep only weakly depends on the threshold value, while at high
ff, τdep decreases when the threshold encompasses more gas
from a given distribution (see top middle and left panels in
Figure 3). The former weak trend agrees with the results of
Saitoh et al. (2008), who found that for ff ∼ 1.5% the value
of τdep decreased only by a factor of ∼ 1.5–2 when the den-
sity threshold was varied from nsf = 100 to 0.1 cm−3. Simi-
larly, Hopkins et al. (2011) and Benincasa et al. (2016) found
almost no dependence of τdep on nsf. On the contrary, in sim-
ulations of Agertz et al. (2015) with ff = 10%, τdep varied
relatively strongly with variation of nsf, as expected for high
ff. We note that to observe the effect on τdep when a combi-
nation of thresholds in different physical variables is used, all
thresholds must be varied simultaneously. Varying thresholds
one by one may not affect τdep if several thresholds define ap-
proximately the same gas as star-forming. This is likely why
Hopkins et al. (2017) found that τdep is insensitive to varia-
tion of star formation thresholds, when thresholds in different
variables were changed.
7. SUMMARY AND CONCLUSIONS
Using a simple physical model presented in Semenov et al.
(2017, see also Section 4.1 above) and a suite of L?-sized
galaxy simulations, we explored how the global depletion
times in galaxies, τdep = Mg/M˙?, and the gas mass fractions in
the star-forming and molecular states depend on the choices
of the parameters of local star formation and feedback.
In our model, τdep is expressed as a sum of contributions
from different physical processes, which include dynamical
processes in the ISM, the conversion of gas into stars in star-
forming regions, and the dispersal of such regions by stellar
feedback. Some of these processes explicitly depend on the
parameters of the local star formation and feedback model,
such as a star formation efficiency per freefall time, ff, and
a feedback boost factor, b. Others do not have such explicit
dependence and may be affected by these parameters only in-
directly. This leads to two distinct regimes, in which terms
with and without such explicit dependence dominate.
We demonstrated these regimes in a suite of L?-sized galaxy
simulations, in which we systematically varied ff, b, and
the thresholds used to define the star-forming gas. We also
showed that the trends of τdep and the star-forming gas mass
fraction exhibited in the simulations can be reproduced by our
model both qualitatively and quantitatively after a minimal
calibration of the model parameters. The main results of our
simulations and the predictions of our model can be summa-
rized as follows:
1. When ff or b are large, the contribution of processes
without explicit dependence on ff dominates and τdep is
insensitive to ff, which is usually referred to as “self-
regulation” in the literature. However, in this regime,
the mass fractions of the star-forming ( fsf) and the
molecular ( fH2 ) gas do depend sensitively on ff, and
τdep scales almost linearly with the feedback strength
factor for b& 1.
2. Conversely, when ff or b are sufficiently small, τdep is
dominated by the processes that explicitly depend on
the local gas depletion time, t? = tff/ff in Equation (1),
and thus on ff, but not on the feedback strength. In
this case, the model predicts τdep ∝ −1ff and only weak
dependence of fsf and fH2 on ff, the behavior confirmed
by our simulations.
3. The star formation threshold controls the mass fraction
of the star-forming gas, the extent of star-forming re-
gions, and their average properties, such as the aver-
age freefall time. We find that when ff is small and
the threshold is such that only a small fraction of the
ISM gas is star-forming, τdep and fsf are sensitive to the
threshold value.
4. When ff is large or feedback is efficient (i.e., when the
first term in Equation 14 dominates), fsf is small and
most of the star-forming gas has density or virial pa-
rameter close to the star formation threshold. In this
case global star formation and the molecular mass frac-
tion, fH2 , become sensitive to the value of the threshold.
The dependence of global star-forming properties of galax-
ies on the parameters of the local star formation and feedback
model can be used to constrain the values of these parameters
using observations of global galaxy properties. For example,
the global depletion times of the total and molecular gas con-
strain the feedback strength but cannot constrain the value of
ff owing to their weak dependence on this parameter. How-
ever, the value of ff can be constrained using the mass frac-
tion of gas in the star-forming or molecular state. In addition,
we showed that ff can be constrained using the distribution
of local depletion times in star-forming regions and measure-
ments of τdep,H2 for gas patches of different sizes centered on
the peaks of the molecular gas surface density.
Using our simulation suite, we demonstrated that it is pos-
sible to find a combination of the local star formation and
feedback parameters that satisfies all of these observational
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constraints. Our fiducial run with ff = 1%, the fiducial feed-
back boost b = 1, and the star formation threshold based on
the virial parameter, αvir < αvir,sf = 10, is able to match all
considered observations reasonably well. The low values of
ff ∼ 1% are also consistent with previous inferences (e.g.,
Krumholz et al. 2012, and references therein). We admit that
the obtained constraints on ff and other parameters are spe-
cific to the scales close to our resolution, i.e. ∼ 40 pc, and an
additional study is required to explore the scale dependence of
these constraints on smaller spatial scales. We note, however,
that the observed depletion times in GMCs on parsec scales
also favor ff ∼ 1%–10% (e.g., Heiderman et al. 2010; Guter-
muth et al. 2011), while simulations with a few parsec reso-
lution adopting higher ff seem to underpredict the amount of
dense star-forming gas (see the end of Section 6).
We also showed that our model explains the results of a
number of recent studies that explored the effects of the local
star formation and feedback model on the global properties of
simulated galaxies. This broad consistency confirms that our
model accurately describes the origin of global star-forming
properties in galaxy simulations and thus allows us to under-
stand the role played by gas dynamics, star formation, and
feedback in shaping these properties. Understanding the role
of these processes in simulations also sheds light on their role
in real galaxies, which is an essential step toward understand-
ing how real galaxies form and evolve.
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APPENDIX
A. SUMMARY OF MODEL PARAMETERS
Our model equations,
τdep = (1+ ξ)τ+ +
(
1+
τ+
τ−,d
)
τff
ff
, (A1)
fsf =
1
ff
τff
τdep
, (A2)
are derived from the mass conservation equation between star-
forming and non-star-forming states in the ISM, as explained
in Section 4.1 and Paper I. The parameters used in our model
and their meanings are summarized in Table 1.
As we showed in Section 4.2.4, the model equations de-
scribe our simulation results even if we assume that all the
model parameters, including τff, are fixed. However, the ac-
curacy of our model can be improved if the variation of τff is
incorporated.
To account for the variation of τff with ξ and ff, we note that
star-forming gas is removed at a rate M˙?+F−,fb ∝ (1+ξ)ff and
therefore τff increases from τ drff to τ
sr
ff when (1+ξ)ff increases
and the galaxy switches from the dynamics-regulation (thus
the superscript “dr”) to the self-regulation (“sr”) regime. Note
that the dependence of τff on the combination (1+ξ)ff is itself
a prediction of the model. This prediction is confirmed by the
simulation results shown in Figure 12, as τff from all simula-
tions with different ff and ξ scale as a function of (1+ ξ)ff.
We then can interpolate τff between τ drff and τ
sr
ff as a function
of ψ ≡ (1+ξ)ff using a simple fitting formula shown with the
solid line in Figure 12:
τff = τ drff + f (ψ) (τ
sr
ff − τ
dr
ff ), (A3)
f (ψ) =
1
pi
arctan
(
log(ψ)− log(ψcr)
w
)
+
1
2
, (A4)
in which the position, ψcr, and the width, w, of transition can
be predicted by our model. Specifically, from Equation (20),
the transition happens at
ψcr =
(
1+
τ+
τ−,d
)
τff
τ+
, (A5)
where, for simplicity, we assume average τff = 4 Myr, rep-
resentative of our simulation results. The width of the tran-
sition can be estimated assuming that as (1 + ξ)ff increases
from very low values, the transition appears when M˙? +F−,fb
becomes comparable to F−,d. This yields (1+ ξ)ff ∼ τ drff /τ−,d
and thus the width is
w = log(ψcr)− log(τ drff /τ−,d). (A6)
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FIG. 12.— Comparison of our model prediction for the variation of the
freefall time in the star-forming gas, τff, with the results of our simula-
tions. To measure τff in the dynamics-regulation (small (1 + ξ)ff) and self-
regulation (large (1 + ξ)ff) regimes and the parameters of the transition be-
tween these regimes, we use the the same runs that were used to calibrate
(1+ ξ)τ+ and τ+/τ−,d in Section 4.2.4 (indicated by circled points). The pre-
dictions of our model agree with the results of all simulations, except for
the run with b = 0 and ff = 100% (open circle), which does not remain in
equilibrium owing to the rapid global gas consumption.
In the dynamics-regulation regime, i.e. at small (1 + ξ)ff,
τ drff is determined by the high-density tail of the star-forming
gas probability density function (PDF) and is independent of
the star formation. In the self-regulation regime, i.e. at large
(1+ξ)ff, τ srff increases as the high-density tail is dispersed and
the star-forming gas stays close to the star formation thresh-
old. These trends of τff in the limiting regimes are apparent in
the results of our simulation suite shown in Figure 12.
Equations (A3–A6) augment the main equations of our
model (A1 and A2) with the variation of τff with our model
parameters: ff, ξ, τ+, τ−,d, τ srff , τ
dr
ff . To calibrate the depen-
dence of these parameters on our simulation parameters—i.e.
local efficiency ff, feedback boost factor b, and star formation
threshold αvir,sf—we assume
ξ = ξ0bβ , (A7)
τ+ = (100 Myr) (αvir,sf/10)γ , (A8)
τ srff = (τ
sr
ff )0 (ψ/100)
a(αvir,sf/10)b. (A9)
Here we assume that at fiducial αvir,sf = 10, τ+ ∼ 100 Myr,
as indicated by the results in Paper I. The value of τ+ does
depend on the star formation threshold because the threshold
determines when the transition from the non-star-forming to
the star-forming state happens in the evolution of each gas
parcel. Equation (A9) incorporates the dependence of τ srff on
ψ ≡ (1+ ξ)ff and star formation threshold discussed above.
Next, as detailed in Sections 4.2.4 and 4.2.5, we use three
runs in the self-regulation regime with different feedback
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TABLE 1
DEFINITIONS OF THE QUANTITIES USED IN OUR MODEL
Quantity Definition Meaning Modela
Modeled properties of the galaxy
τdep Mg/M˙? Global depletion time of total gas Equation (14)
fsf Msf/Mg Star-forming gas mass fraction Equation (15)
τff 〈1/tff〉−1sf Average freefall time in star-forming gas Equations (A3–A6)b
Model parameters
τ? Msf/M˙? Global depletion time of star-forming gas τff/ff
τ+ Equation (7) Dynamical timescale on which non-star-forming gas becomes star-forming 100 (αvir,sf/10)−0.5 Myr
τ−,d Equation (9) Timescale on which star-forming gas is dynamically dispersed Splinec τ−,d(αvir,sf)
ξ Equation (8) Average feedback mass-loading factor on the scale of star-forming regions 60 b0.75
τ drff τff in the dynamics-regulated regime Spline
c τ drff (αvir,sf)
τ srff τff in the self-regulated regime Equation (A11)
Simulation parameters controlling local star formation and feedback
ff Equation (2) Star formation efficiency per freefall time
αvir,sf see Section 2.2 Star formation threshold in virial parameter, αvir < αvir,sf
nsf see Section 2.2 Star formation threshold in gas density, n > nsf
b see Section 2.2 Boost factor of momentum injected per supernova
a The last column indicates model predictions for τdep, fsf, and τff and calibrated values for model parameters. Listed calibrations are
obtained for the αvir-based star formation threshold. Calibrations for the density-based threshold are provided at the end of Appendix A.
b The model predicts the position and the width of τff transition between τ drff and τ
sr
ff .
c The values of τ−,d and τ drff are obtained directly from the n–σtot distribution in our simulation with ff = 0.01% and fiducial b = 1 and
αvir,sf = 10 (see the end of Appendix A).
boost, b, and threshold, αvir,sf, to estimate
(1+ ξ)τ+ ∼ (6 Gyr) b0.75 (αvir,sf/10)−0.5, (A10)
τ srff ∼ (6 Myr) (ψ/100)0.035 (αvir,sf/10)0.4, (A11)
which imply ξ0 = 60, β = 0.75, γ = −0.5, (τ srff )0 = 6 Myr, a =
0.035, and b = 0.4. Note, in particular, that ξ ≈ 60 b0.75 which
implies that our fiducial feedback (b = 1) is rather efficient and
ξ 1 in Equation (A1).
Finally, the last two parameters, τ drff and τ−,d, are mea-
sured as functions of αvir,sf directly from the n–σtot distribu-
tion in our run with ff = 0.01% (bottom left panel of Fig-
ure 5). To this end, we note that because of the dynamics-
regulation regime, this distribution would not change if αvir,sf
were varied. We then measure τ drff (αvir,sf) as 〈1/tff〉−1 in gas
with αvir < αvir,sf and τ−,d(αvir,sf) from fsf(αvir,sf) using Equa-
tion (17): τ−,d = τ+/(1/ fsf − 1). We spline τ drff (αvir,sf) and
fsf(αvir,sf) and show them with blue lines in the bottom two
panels of the middle column in Figure 3. For example, at our
fiducial threshold of αvir,sf = 10, τ drff ∼ 2.5 Myr and fsf ∼ 20%,
which implies τ−,d ∼ τ+/4∼ 25 Myr.
For the density-based star formation threshold we study
only the dependence on nsf but not on b. In other words, we
replace Equations (A7–A9) with
ξ = ξ0, (A12)
τ+ = (100 Myr) (nsf/100 cm−3)γ , (A13)
τ srff = (τ
sr
ff )0 (nsf/100 cm
−3)−1/2. (A14)
Note that the slope in the last equation is not a parameter be-
cause, in contrast to the αvir-based threshold, the dependence
of τ srff on the density threshold follows from definition, since
in this regime all star-forming gas has density ∼ nsf. For the
same reason, τ srff does not depend on ψ for a density-based
threshold.
The value (τ srff )0 = 5 Myr is measured directly from the sim-
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FIG. 13.— Comparison of our model predictions for the variation of the
global molecular mass fraction, fH2 ≡MH2/Mg, with the results of the simu-
lations. We average the total molecular mass in the simulations between 300
and 600 Myr, defining it as a sum of molecular masses in individual cells,
which are computed using the Krumholz et al. (2009) model (see the begin-
ning of Section 5 for details). To obtain model predictions, we interpolate
fH2 between its values at low and high (1+ ξ)ff calibrated using the simula-
tions in corresponding regimes (large circled points). The value of (1+ ξ)ff
at which this transition occurs and the width of the transition are predicted
by the model (Equations A5 and A6). The open red circle indicates the run
with b = 0 and ff = 100%, which does not remain in equilibrium owing to the
rapid global gas consumption.
ulation with ff = 100% and nsf = 100 cm−3, and using another
run with lower nsf we get
(1+ ξ)τ+ ∼ (4.5 Gyr) (nsf/100 cm−3)0.5, (A15)
and thus ξ0 = 45 and γ = 0.5.
B. MODEL FOR MOLECULAR GAS MASS
FRACTION
Similarly to star-forming gas above a given threshold,
molecular gas distribution is also shaped by dynamical and
feedback-driven gas flows. Therefore, similarly to Sec-
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tion 4.1, mass conservation can be considered for the molecu-
lar state of the ISM to derive the relation between the molec-
ular mass fraction, fH2 = MH2/Mg, and the timescales of rele-
vant processes supplying and removing molecular gas. In the
equation for total molecular gas mass conservation,
M˙H2 = F
H2
+ −F
H2
− − M˙?, (B1)
we parameterize relevant fluxes as
FH2+ ≡
(1− fH2 )Mg
τH2+
, (B2)
FH2− ≡
fH2Mg
τH2−
, (B3)
M˙? ≡ fsfMg
τ?
. (B4)
That is, FH2+ and FH2− are parameterized analogously to F+
and F− in Section 4.1 and the equation for M˙? repeats Equa-
tion (10).
Then, assuming steady state with M˙H2 ≈ 0, substitution of
Equations (B2)–(B4) into Equation (B1) yields
fH2 ≈
1− (τH2+ /τ?) fsf
1+ (τH2+ /τH2− )
, (B5)
where fsf can be computed using Equation (15).
At low ff, τ? = τff/ff → ∞, and thus fH2 ∼ [1 +
(τH2+ /τH2− )]
−1, which is analogous to Equation (17), with τH2+
and τH2− independent of star formation and feedback. At high
ff, all terms in Equation (B5) are relevant and τH2− depends on
star formation and feedback parameters in a nontrivial way.
This nontrivial dependence is more complex than a simple
scaling with local depletion time τ?—as was the case for the
star-forming gas removal time τ− ≈ τ−,fb = τ?/ξ—because τH2−
also depends on the dynamics of non-star-forming molecular
gas and the details of its dissociation.
Thus, τH2− cannot be easily related to the parameters of sub-
grid star formation and feedback, which does not allow to use
Equation (B5) for predicting how fH2 depends on the param-
eters of star formation and feedback. However, this depen-
dence can be calibrated using the same approach that we used
to model variation of the freefall time in star-forming gas, τff
(Appendix A).
The approach is similar because the change of both τff
and fH2 reflects the response of the gas PDF to the changing
feedback-induced flux parameterized by (1 + ξ)ff, and thus
fH2 variation with (1 + ξ)ff is qualitatively similar to that of
τff. Indeed, as Figure 13 shows, at (1+ξ)ff < 0.1, the value of
fH2 ∼ 20% remains independent of ξ and ff because feedback
is too weak to affect the gas PDF. Between (1+ξ)ff ∼ 0.1 and
1, the value of fH2 decreases by a factor of 2 as feedback clears
the high-density tail of the molecular gas distribution, and at
(1+ ξ)ff > 1 the decrease of fH2 slows down as the non-star-
forming molecular gas accumulates above the star formation
threshold. As the black curve shows, such variation of fH2
with (1+ξ)ff can be approximated by the same fitting formula
as the one used for τff (Equations A3–A6), with the limiting
values of fH2 at low and high (1 + ξ)ff calibrated using the
simulations: f drH2 = 23% and f
sr
H2 = 0.05 [(1+ ξ)ff/60]
−0.1.
The discussed effect of star formation and feedback on
fH2 also allows us to predict the variation of fH2 with the
star formation threshold. Namely, in the dynamics-regulation
regime, we expect fH2 ∼ 23% to be independent of the star
formation threshold because the ISM gas distribution remains
independent of star formation. In the self-regulation regime,
fH2 decreases when the threshold is shifted to higher αvir,sf or
lower nsf, because the region in the n–σtot plane corresponding
to the non-star-forming molecular gas shrinks.
